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APPENDIX A 
I. GAS CONDIT'LONS 
A t  the presen t  t i m e  gas p r e s s u r e  and tempera ture  as f u n c t i o n s  o f ,  
nozz le  area r a t i o  m u s t  be  i n p u t  i n  t a b u l a r  form. I n  a d d i t i o n  wiicn.the . .  
. 
- coolant  i g  'lot hydrogen, t h e  p r o p e r t i e s  (dens i ty ,  thermal conduc t iv i ty ,  
v i s c o s i t y  and s p e c i f i c  h e a t  at cons tan t  p re s su re )  must be i n p u t  as  f u n c t i o n s  
. of t empera tu re .  
. -. 
, .  
XI. BOZZLE GAS-SIDE CONTOUR ,W STATION LOCATION 
I n  t h e  case of a c o n i c a l  nozz le ,  the 2-R coord ina te s  and developed 
. -. 
lengths X can be  computed when p e r t i n e n t  nozz le  dinlensions are known. 
the case of a contoured nozz le ,  only the s t a t i o n s  forward of t h e  t h r o a t  cEn 
be c a l c u l a t e d ;  aft of the t h r o a t  the coord ina te s  m u s t  b e  i n p u t  as axial 
Ir, 
% r;' 
c L. 
lerrgth w e r n r c d  from the t h r o a t ,  and r ad ius .  The  dc??zelopecl length X will --
be computed by t h e  pkogran. 
i n p u t  i n  t a b u l a r  fo rn  a t  kach s t a t i o n .  
For unconvent ional  nozz le s  t h e  d a t a  must be  
. .  
. .  _ .  The prograrn merely b reaks  t h e  nozz le  i n t o  c i r c u l a r  2rcs and connec t ing  
s t r a i g h t  l i n e s ,  and computes coozdina tes  and developed lengths at each 
. t angen t  p o i n t .  I t  then  breaks  each segment down i n t o  the number of i n t e r -  
I f  any N' is n o t  i n p u t ,  a n  approximate l e n g t h  vals i n p u t  as, Ni,. N;, etc. 
of 3 i nches  betweeri s t a t i o n s  is used. 
desc r ibed  by R 
segment, and t h e . a r c s  descr ibed  by R and R which are p r e s e n t l y  d iv ided  i n  
Except ions t o  t h i s  are i n  t h e  arc 
which is u s u a l l y  small and i s  t h e r e f o r e  t aken  as  a single d 
U 0 
half. I n  any casc, no i n t e r v a l s  are greater than 3 i nches  long. 
- 
a -  
In  cases w h e r e  d i s c o n t i n u i t i e s  i n  t h e  d a t a  exis ts  such  as c o o l a n t  
flow rates, number of coolan t  tubes ,  o r  where t h e  c o o l a n t  f l o w  changes 
d i r e c t i o n  nozzle data  at these d i s c o n t l n u i t i e s  are i n s e r t e d  into t h e  contour  . ,-2 
i- 
, .  * .  
s 
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* 
. .  ! data Gencratcd by the program, A table of axial coord ina te s  c a l l e d  TAZl is. I .  
used t o  locate all d i s c o n t i n u i t i e s  and also t o  determine the flow d i r e c t i o n  
at each p o i n t  i n  the nozzle. 
. /  - .  
ZIT. GEOFETRIC PAW*ETERS OF COOLmT TUBES 
t 
Four b a s i c  c o o l a n t  t ube  c o n f i g u r z t i o n s  are be ing  cons idered:  
U-Tubes (Figure Z), Trunqated Tubes CFigure 3) ,  Round o r  F l a t t e n e d  Tubes 
{Figure 4), and Rectangular  S l o t s  (Figure 5).  
-- 
A. Round o r  F l a t t e n e d  Tubes. The gas-side r a d i u s ,  c i rcumference ,  
ambient-side r a d i u s ,  and s i d e  length a re  computed as follows: 
If 'R - < 0 ,  a round tube  cond i t ion  e x i s t s ,  and dianieter ,  circum- 
fe rence ,  an3ien t -s ide  r a d i u s  and s i d e  length are re-computed a s  f c l l o w s :  
5 .  d = 2 r  
6 .  s = sd 
- . . -  g 
8 
7. ra = r 
8 .  R = O  
.. . . .  
. .  - .  
C a l c u l a t i o n  of flow area and equ iva len t  d iameter :  
. . .  
b 2 2 9 .  Af = $(rg- tm) + (ra - tm) 1 + ECr + ra - 2t,> 
g 
10.. d e = 4 Af/[v(rg -+ ra - 2t m ) + 221 
A .  . 
1 
r- 
* 
. 
- .  a '  . .  
* .  
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B. U-Tubes. The gas-side radius ,  back-side tube wTdth, f low area 
and equivalent  d i m e t e x  are coi2uted  as follows: b 
- - .  
. .  
When kf is input, R is solved from the. follo+qj equatYon: . 
5 .  d = 4 Ai/[r(rg - t') 4- (b --2tm)J 4- 2[UW[  * 
- .  - _  . - .  - -. . -  . _: t? 
. .  
. - ,  . ..- i, 
% -- - - - - - .  - - -  
C. Truncated Tubes. Cslcu la t ions  of flow area and equival-ent . 
L+ 
. .  *. . . .  
diameter are  as follows: 
1. r = +R/(Nt - A) 
8 
. -  
i r  
* -  2o dudn 'II B e 3 [x - cos-' 2 sin [cos-! (31 . . g  1 3 , .  . .  
and d < 2r then 
min g 
* 3. if d > dL 
. a. 8 is computed from the fol lowing equation: 
. .  
, 
. -  
* .  
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then min 4. If d < d - 
a. R = t  
* m 
b. a 0. . f  
. Whenever d > d and d 2 2r the= the f l o w  area and equival-ent 
m i n  lz - 
diaineter are  computed a s  fol laws:  
If L - < 0 then 
d = 2r 
. .  g ,  
. .  
r = r  
- ?  
a g  
s = ad 
R = 0 .  
. .  
l T  2 2 
9 -  A~ = 2 [(r - tm) + (ra - tm) J + O ( r g  + ra - 2 tJ  
g 
* -  10. d = 4 Af/[a(r + ra - 2t: m + 221 a .  e g 
D. Rectangular Slo t s .  Flotr area and equivalent diameter are 
computed as follows: . 
1, . .  
c 
(R f tm) - a 2N * 1, tl = - 
.Nt . 
2. hf I? ds 
3, d 
Nozzle SIetit T r m s  fer 
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b After s t a t i o n s  have been  l o c a t e d ,  area r a t i o  is calculated at each . . .  
stat ion by: . *  
. .  
2 A[&\* = (R/R*) 
i 
. I  
Po, and 22- are obta iped  by i n t e r p o l a t i o n  as a func t ion  of area r a t i o .  
- .  . . .  .* . . 
' Y. BETA FACTOR AT STATIONS 
. B will e i t h e r  b e  i n p u t  as a function of axial l e n g t h  o r  computed by 
t h e  program. 
A. If i n p u t ,  i n t e r p o l a t i o n  may be nade at each s t a t i o n .  
-. 
3 B. If 6 is to b e  computed, i t  w i l l  5e input ,as a n e g a t i v e  va lue .  
Having obtained gas properties a t  a specif ic  station,, the Prand t l  nunioer 
i s  computed by: 
. .  * . .  
. .. 
- .  
' 
1'3 T f T (1 - P 1'3)] /Tc 
C 01) I: 6 = rl P, 
.. . 
Using Ta a t  the s t a t i o n  being cons idered ,  ,is coinpulred as 
. .  
follows : 
~. 
VI. CALCULATION OF DESIRED P:W.!QXfERS 
T and P are a l l  i n t e r r e l a t e d ,  an i t e r a t i v e  proce- Tkz' b Because TQC, 
dure is used f o r  solution. 
values of t hese  f o u r  parameters,  then us ing  previous  values i n  subsequent  
The normal procedure involves ' .assuming initial 
i terations,  A t  the f irs t  s t a t i o n ,  guesses of T = T = 1500"R are used 
and T 
WG WI, 
and P are i n p u t .  b . 
4 ,  
. ** 
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A. CALC-LATION OF THE LIQUID SIDE k1EAT TRhhJSFER COEFFICIENT hE 
A t  t h e  presexit t i m e  t h e r e  are t e n  d i f f e r e n t  equat ions  and one 
t a b l e  look up op t ion  which can be used t o  calculate h 
depends on the  value of the  inpu t  parameter HLC. 
The method u t i l k e d  R' 
HLC = l., 
. .  
HLC = 2., 
HLC = 3., 
HLC = 4.,  
.' .. 
.4 . 
HLC = s., 
. ... 
HLC = 6., 11 a 
HLC = 7.,  b = 
I. 
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t K .879 pr.4 
HLC = 9 . ,  hg = t a b l e  look up from TAHL vs. TAZ i n p u t  t ab1  
= 0.00704 Re 
e ha 
HLC = IO., 
where a l l  f l u i d  p r o p e r t i e s  are determined from: 
(Property) dT 1 T w a l l  
Tbulk Property = 
T w a l l  - Tbulk 
The c o e f f i c i e n t  i s  mul t ip l i ed  by t h e  fol lowing terms when K5S = 1. 
, 
2. and t h e  lowest va lue  of a., b. o r  c, 
a. (1 4- 1.107 9') f o r  t h e  en t r ance  t o  t h e  t h r o a t  region,  
.0666 
f o r  f u l l y  developed curve 
tube flow a876 [Reb (k) 1 
(3.033 - 1.649 9') t o  represei i t  decay of t h e  curva ture  e f f e c t .  
b .  
C .  
HLC = 11. Recent a n a l y s i s  of 2230 p o i n t s  of hydrogen h e a t  t r a n s f e r  da t a  
i n  t h e  s p e c i f i c  opera t ing  range of t h e  NERVA has  l e d  t o  the  
fol lowing coolant.-side c o r r e l a t i o n  f o r  hydrogen. 
.622 Kf i lm .874 * 4  (1 + .0146 pw Pb) 
Refilm P r f i l m  pb pw 
hg = 0.00821 
e 
. 
The s u b s c r i p t  "film" r e f e r s  t o  p r o p e r t i e s  based on t h e  average 
temperature between bulk and w a l l .  
When K5S = l., a f a c t o r  t h a t  accounts f o r  en t rance  e f f e c t s  is 
mul t ip l i ed  t i m e s  t h i s  expression and takes  the  fol lowing forms : 
f o r  0 - < x/de < 5.198 
Entrance f a c t o r  = 1.8 
f o r  5,198 < x/de < 120 - 
1.030 4.0 Entrance f a c t o r  = (1 + -) 
x/de 
for x/de 120 t h e  en t rance  f a c t o r  has a t tenuated  t o  uni ty  
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Also when K5S = l., a f a c t o r  t h a t  accounts f o r  coolant  channel: curva ture ,  f o r  
t he  case i n  which h e a t  t r a n s f e r  e x i s t s  over t he  convex surface-  of t h e  curve 
( the  nozzle  t h r o a t ) ,  i s  mul t ip l i ed  t i m e s  t h e  s t r a i g h t  tube c o r r e l a t i o n  and 
takes the  following forms : - 
\ n 
< 
2.502 - 1.16 $ 
curved tube f a c t o r  
,0785 
i n  which $ i s  t h e  angle  of curva ture  i n  rad ians .  
For the p a r t i c u l a r  value of 8 ,  R e  and - de a t  a l o c a t i o n  on a curved tube,  the  
r b '  
C 
, expression above t h a t  y i e l d s  the  lowest curved tube f a c t o r  i s  u t i l i z e d .  
In a l l  cases: 
J$, pb, pb,  Cp are evaluated a t  P and T b b '  Kef' 'cf' 'cf '  "cf 
evaluated a t  P and T = (TB + Tm)/2. k,  urn, pWL, Cpm are eva lua ted  a t  cf 
P and T . WL' 
Fox h c a l c u l a t i o n s  f o r  HLC = 2 through 9 the  fol lowing modif icat ion R 
SAT ' t o  h is performed whenever TWL is  g r e a t e r  than t h e  s a t u r a t i o n  temperature T R 
Y 
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i 
B. CALCULATION OF GAS SIDE HEAT TRANSFER COEFFICIENT, h . 
g 
The gas s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  is calculLted by one of  four  
d i f f e r e n t  computational schemes depending on the inpu t  parameter HGC. In 
(2) hg = CG 
addi t ion ,  the gas p rope r t i e s  used f o r  t h ree  of the methods may be e i t h e r  
Ffgf cl?sf 
(1) NBS equi l ibr ium hydrogen, (2) values  from inpu t  t ab  r (3) ‘?BS para- 
hydrogen. This second opt ion  i s  cont ro l led  by t h e  inpu t  parameter GAS. 
The following r e l a t ionsh ips  are a v a i l a b l e  f o r  determining gas s i d e  h e a t  
t r ans  f e r  c o e f f i c i e n t  . 
, 
where: T gf = 1/2  (BTc + TwG) 
gf ‘ 
Pgf 3 lJgf 9 CPgf’ P“gf are evaluated at  P, and T 
p is  evaluated a t  Po), T,. 
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eva lua ted  a t  the  Eckert  r e f e rence  temperature- 
11'3 * Tf = .5 (TwG + T f s  ) + .22 Prf  (To - Tfs) 
c 
'.* 
i n  which: X = Nozzle contour d i s t a n c e  from core 
= f ree-s t ream temperature Tfs 
To = chamber temperature 
. ( 5 )  hg = Direct t a b l e  look up as a func t ion  of s t a t i o n  l o c a t i o n  
from t h e  TElG inpu t  array. 
. 
I f  flow rate W changes, t h e  a x i a l  l eng th  Zw a t  which the  . . - Wg** 
WgCOr42 -change occurs w i l l  be input .  If Zw = 0 then h' = 
a. I f  Z < Zw, W = Wgeore 
. 
b I f Z > Z w , W = W  - g;'i 
The following t a b l e  surnmarizes the  opt ions  used f o r  t h e  va r ious  combinations of: 
HGC and GAS. (Note t h a t  i n t e r n a l l y  these  are changed t o  IHGC and IGAS) .  
% 
t 
I .  
Nozzle Heat: Transfer  
VALUE VALUE 
FOR HGC FOR GAS 
- 
1 
. 
2 
1 
2 
3 
1 
2 
3 '  
RELATIONSEIIP 
FOR hg 
No. 1 
No. 3 
No. I. 
hT0. 2 
I1 
11 
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GAS PROPERTIES 
NBS e q u i l i b r i u 4  hydrogen 
from i n p u t  t ab le s*  
NBS parahydrogen 
WBS e q u i l i b r i u m  hydrogen 
from i n p u t  t a b l e s *  
NBS parahydrogen 
Table look up** N o t  a p p l i c a b l e  
11 11 
I t  I 1  
3 i 
2 
3 
4 1 
2 
3 
No. 4 NBS equ i l ib r ium hydrogen 
No. 4 from i n p u t  tables:: 
No. .4 NBS parahydrogen . 
. 
f ' i k  :. The gas  p r o p e r t i e s  i n p u t  t a b l e s  are GASWT, GAS-IWO, GASMU, GASK and 
GASCP vs. GAST. 
\. . 
** The h e a t  t r a n s f e r  c o e f f i c i e n t  t a b l e  i s  TAHG vs. TAZ. 
* C,'  CALCULATION OF hr 
The c o e f f i c i e n t  h is a func t ion  of FEFV which may e i t h e r  be  i n p u t  
1: 
c 
as a func t ion  of a x i a l  l eng th  o r  computed by the  program. 
1. I f  FEFV is  i n p u t ,  l i n e a r  i n t e r p o l a t i o n  is  performed t o  
o b t a i n  the  va lue  a t  each s t a t i o n .  
2. I f  FEFV is  t o  b e  computed, i t  w i l l  be i n p u t  as 'a nega t ive  
. value.  Having a l r eady  determined s t a t i o n  coord ina te s  computation is as follows: 
(Subscr ip t  P r e f e r s  t o  prev ious  s t a t i o n )  
a. If 2 = 0 ,  then F = I; i f  Z'# 0 ,  then  
Nozzle Heat Transfer  Program E25107 
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D 
Eg = 14- (1 + E1)EZ 
F = .5 (E3 - / G I  
b. - S e t  c0 = .55 and E = 1 i f  n o t  i n p u t  1 
-l. 
G = [L+ (- I '  - 1) + ( ~ R c  2 (-- 1 l)] - 
F €0 €1 0 
3. Compute h r _.  
D. THERMAL CONDUCTIVITY OF TUBE WALL 
Various materials may be  used f o r  tube cons t ruc t ion ,  each of which 
has  i t s  own curve of  conduc t iv i ty  as a func t ion  of temperature.  
two materials, s t a i n l e s s  steel and Has te l loy  X, are b u i l t  i n t o  the  program 
Tables f o r  
(values  are l i s t e d  i n  Appendix D ) ;  however, p rovis ion  has  been made to  i n p u t  
t a b l e s  r ep resen t ing  any o t h e r  material. I n t e r p o l a t i o n  f o r  t he  conduc t iv i ty  i s  
made a t  the  mean temperature T M: 
Noz zlc Ilea t Trans fcr 
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1. Cryogenic 
The c o e f f i c i e n t  U based on i n s i d e  w a l l  s u r f a c e  area is 
given by: 
2. Non-Cryogenic 
For c y l i n d r i c a l  w a l l  type: 
. 
- .  
I - .' 
r - tm -1 - (" + In rg + 17. 
'm ' g  - tm hg  
.- For f l a t  w a l l  type: 
. .  
C 
1 
. ' = f h  g + h r  m 
. 
F. HEAT FLUX, INSIDE 
The h e a t  f l u x  based on i n s i d e  s u r f a c e  a r e a  is: 
G. COMPUTATION OF WALL TEEPERATURES 
1. Cryogenic 
Program E25107 
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. 
0 
. '  
2. Non-Cryogenic 
For c y l i n d r i c a i  wall type: '. . .  
. .  For flat wall type: 
t . 
, 
. 
3. K, then WLC ' TEAT In the non-cryogenic case, whenever T 
TwLc is s e t  equal t o  T 
the above temperatures are recomputcd as follows: 
+ K and the overall h e a t  t r a n s f e r  c o e f f i c i e n t  and SAT 
. .  
For cylindrical wall type: 
c.. 
. 
Program E25107 
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Nozzle Heat Transfer 0 .  
q/A = U ( B t ,  - TmC) 
For flat wall type: 
* .  
H. BEAT FLUX, OUTSIDE 
.. 
The heat f l u x  based on outside sbrface area is: 
. 
'I. SURFACE AJlU BETWEEN STATIOHS 
. .  
-. .. 
. .  
1. E is s e t  equal to .8 unless input. 
2. Compute area (subscript P refers to value z i t  previous 
s tat ion)  by: 
. -  
Nozzle Heat Trnnsfer  Program E25107 
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8 
J.  WAT IWUT TO CCOIMT BElVEEN STATIONS i 
c 
K. COOLANT B U L K  TEXPEMTURE 
1. Obtain Cr a t  P ,  Tb 
2. Compute average t empera ture ,  density, and specific heat 
between s t a t i o n s  (subscript P refers to  value at previous  station). 
. .  - -  
* f  - 
. Tb = .5(Tb 9 Tbp) 
.. 
3. Obtain p'  at P ,  TbP 
, 
bc 4. Coropute T - 
, 
a,' At S t a t i o n  No. 1: . .  
- v 2 /(2g.Jcp) 
in . .  Tbc Tb *. ' . . I  
. .  
b. A t  q t h e r  Stat ions :  
c 
. 
f '  
I !  c .  When Tb - Tbp, then  
ProF;;raai E25107 
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- L ,  Compute new va lue  of  coo lan t  p re s su re  i n  subrout in-e  CALGTP. Pressu re  
loss is composed of f r i c t i o n  l o s s e s  and momentum l o s s e s .  (Cryogenic Case) 
I, A t  Stat ion,No.  1 
< 
a. F r i c t i o n  lo s s :  pf = 0. 
b.  Momentum l o s s .  S e t  K1 = 1.0 and C1 = 0.0 
un le s s  i npu t .  
c) 
L 1ntei.niediate S t a i i o n s  
a. F r i c t i o n  l o s s .  4 f r i c t i o n  f a c t o r  is computed by one of  
the r e l a t i o n s h i p s  shown in  (1) (2) o r  (3) depending on t h e  v a l u e  of  t h e  i n p u t  
f l a g ,  FRIC, and is  modified depending upon t h e  va lue  of t h e  i n p u t  f l a g  K5S. 
(1) . I f  e is inpu t :  
f = 0.091375 [l + 2 x 10 4 e/de + q, x 10 6 /v de pb) 1/31 
(2) I f  e is n o t  i n p u t  and F R I C  = 1 
(3) I f  e i s  n o t  i n p u t  and FRIC = -1 the M.F. T a y l o r  
i 
equat ion  is used 
L' 0.5 
f = 2 .0007 + 
. 
RewL 
where the  s u b s c r i p t  141,. rcfcrs to properties eva lua ted  at the  l i q u i d  (coolan t )  
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This  c o r r e l a t i o n  w a s  dcveloped f o r  s u r f a c e  Reynolds numbers 
(p rope r t i e s  based on coolan t -s ide  wall temperature  T 
f o r  t h e  w a l l  temperature-to-bulk temperature r a t i o  between .35 and 7.35. Taylor  
has matched NU-A6 f u l l  posrer p rc s su re  drop mcasurercents. 
f r i c t i o n  f a c t o r  c o r r e l a t i o n  over t h e  heated s u r f a c e  of  t h e  coo lan t  tube  (semi- 
circular po r t ion  of  t'-tube) and employing a s t anda rd  coo lan t  bu lk  temperature- 
re ferenced  f r i c c i o n  f a c t o r  over the  unheated tube s u r f a c e  ( l e g s  21-16 base  of 
U-tube). This procedure is implemented by means of an e f f e c t i v e  f r i c t i o n  f a c t o r ,  
which i s  def ined  as: -, 
/ ) of 3000 and g r e a t e r  and 
By eapI.oying his 
I?% 
where : 
= e f f e c t i v e  f r i c t i o n  f a c t o r  f e f f  
fb = f r i c t i o n  f a c t o r  re ferenced  a t  coo lan t  bu lk  temperature  
I 
f = Taylor ' s  f r i c t i o n  f a c t o r  c o r r e l a t i o n  re ferenced  a t  tube  
C 
temperature  c 
Sb = s u r f a c e  area a t  coo lan t  bu lk  temperature  ( l egs  and base  of U- tube) 
= s u r f a c e  area a t  tube crown temperature  ( semi-c i rcu lar  
C 
S 
p o r t i o n  of U-tube) 
. (  
4. Any of the  t h r e e  express ions  f o r  s t r a i g h t  tube f r i c t i o n  f a c t o r  
may be  modified t d  account  f o r  the  e f f e c t  of  cu rva tu re  by apply ing  I t o ' s  
c o r r e c t i o n  f a c t o r .  
If 2 and Z are downstream and upstream tangent  p o i n t s ,  d U 
f o r  Z < Z < Z t h e  f r i c t i o n  f a c t o r  is modified. 
when I ,  < 2 < Z*, R = R This c o r r e c t i o n  i s  made whenever K5S = 1. 
When %k 2 Z < Zd, Rc = Rd; u -  d 
u -  C U 
- 
Nozzle Heat Trans fe r  
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Compute pf 
3 x - x  Tb - Tbp 2 + 2K6 - .Tb - e d Pf - 
Momentum l o s s  
(1) Compute momentum los s  by: 
PV = pb (v2 - v:)/(2 g) 
(2) I f  a d i s c o n t i n u i t y  occurs  in N momentum loss is computed mb' 
as fol lows.  
3. The computed p res su re  is given by: 
- Eirc - Pp - Pf - Pv 
4. A f t e r  t h e  l as t  s t a t i o n ,  t he  coolan t  has  an a d d i t i o n a l  l o s s  
. through t h e  d ischarge  passage. I f  n o t  i npu t ,  set  K 3  = 1.0,  K = 1.0 and 4 
Compute o u t l e t  p re s su re  i n  sub rou t ine  ou t  by: ' 
1 /2  
2 
'b vns 
2 g  
+ 2*10J A2 - 4  - A2 K4 + 1.895 - - A€ A€ pout  
Noazlc Heat Transfer  Progran! E23107 
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M. 
c 
N. 
COHPUTATION OF COOLANT PRESSURE FOR THE NON-CRYOGENIC CASE 
I 
All c a l c u l a t i o n s  are done the  same as f o r  t he  cryogenic  case. 
STRESS CALCULATIO?? 
A f t e r  cocvergence, va lues  of 
tube w a l l  a t  each s t a t i o n  are computed. 
L 
1. S t r e s s  i s  coinputed by: 
hoop stress and s a f e t y  f a c t o r  i n  t h e  
2. Tables  of y i e l d  stress f o r  s t a i n l e s s  steel and Has te l loy  X 
are l i s t e d  i n  Appendix E and are b u i l t  i n t o  the  program. P rov i s ion  f o r  card 
i n p u t  of stress vs  temperature  has  been made i n  t h e  even t  o t h e r  materials are 
A s a f e t y  used. I n t e r p o l a t i o n  f o r  y i e l d  stress i s  made as a func t ion  of  T WM' 
* 
,*I ., 
f a c t o r  is computed as follows: _ .  t. 
F.S .  = (DYP)/C 
V I I .  OPTIOXAL LEG HEIGHT ITERATION 
For design cases ,  l e g  he igh t  of the  tube is unknown. However, a p r o f i l e  
of T 
computation followed. 
as a func t ion  of axial l ength  can b e  i n p u t  and an a l t e r e d  scquence of 
wg 
A- 
B .  Set T * equa l  to T 
Compute FEW, 6, hr ,  hg, and q/Ao as normally 
w s c  wg 
Nozzle Heal: Transfer 
e 
Prograili E25107 
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I). 
. E. Compute 
. k = 0.5 (Jk - 2.4 x 
m wg w k' f k 
. .  
F. S o l v e  the  following equation for 9, : ' 
* 
0 
G. i m u s t  b e  p o s i t i v e .  If negative, set %.= 08 
.. 
*< . 2 H, Compute: Af = 0.5 r(rg - tm) 4- 2 (r - tm) R .  
g 
. _  
J. If convergence is not attalncd, i nc re sen t  T by ZOOo and 
' k'g 
reiterate. ci' 
I Program E25107 
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Nozzle Heat Trans fer 
I ,. 
VIII. 0PTIOW.L C CAI,CL'IATlO?; 
6 
I .  
h 
For analys is  of d a t a ,  i t  i s  d e s i r a b l e  to ' have  t h e  c a p a b i l i t y - t o  
compute the C t h a t  r e s u l t s  i n  a gtven T In  this i n s t a n c e  T is i n p u t  
as a function o f  a x i a l  l e n & t h  and c a l c u l a t i o n  proceeds normally f o r  FEFV, 
8,  h and hl. 
g wg - . wg 
A l t e r n a t e  c a l c u l a t i o n s  are then  made as fo l lows .  r 
f 
A.  Compute T : T = 0.5 (Twg 4- Tw,) 
B.  
m. . m 
I n t e r p c l a t e  for k, = f (Tm). 
C. Compute: 
D. Compute T = Tb f (q/A)(l/hl) 
% w l c  Twlc 
c 
E. Set Ttlsc = T and couipute 1,, q,  Tbc, .  and prc as normally,  r' 
wg 
and i t e ra te  on T and p.  In case of non-convergence, s t o p .  - w l '  Tb' 
F. 
G. 
then converged, compute h : 
Compute U as normally and s o l v e  t h e  Bartz equat ion  f o r  C : 
h = (q/Ao)/(BT, - Twg) 
g g  
8 - 
Ix. COXPUTATION OF BUREOUT HFAT FLUX RATIO 
A .  Burnout va lue  of hea t  f l u x .  
1.. I f P > P  
. c r i t  
Nozzlc. Heat Traasfe r . Program E25107 
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i 
, 
. .  
2. If P CPcr i t  and I R B O  = 1 
a 
.. 
3. If P 2 Pcrit and I R E 0  = 2 and VDT > VDTC where 
' ;, 
... .'. VDT = V(TsnT - T ), then: , ... .. . .' 
. 
4. If P 5 Pcrit a D B O  = 2 and VDT - < VDTC, then: 
B. Burnout h e a t  f l u x  r a t i o :  
X. The fo l lowing  d a t a  is computed a f t e r  complet ion of a run: These are 
p r i n t e d  a f t e r  t h e  o u t p u t  f rom t h e  last s t a t i o n .  
A. O u t l e t  p re s su re ,  See Paragraph VIII,L,4. 
B. Outlet:  (mix) temperature .  
. 
2. Compute Hmix by: 
- 
poll t C. . P r e s s u r e  drop. Coiupute Ap by: Ap = pin 
" l 'm ix  - Tin D. Temperature rise. Compute AT by: 
t 
Nozzle k a t  Transfer  Progrm E2510 7 
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Program Engineering 
’ D e f i n i t i o n  S y m b o l  -
2 A Cross-sec t iona l  area of nozz le ,  i n .  
A Total s u r f a c e  area between s t a t i o n s ,  i n .  2 
Cross-sec t iona l  area of nozz le ,  e x i t ,  i n .  
2 Cross-sec t iona l  area of s i n g l e  tube,  i n .  
-- 
2 
Ae 
A€ 
2 AS Sur face  area of sing1.e tube,  i n .  
A1 Area of i n l e t  passage,  i n . 2  
A2 Area of out le t  passage, i n .  2 
A* Throat  area, i n .  2 
a Sonic v e l o c i t y  of coolant,, i n .  /sec 
b Spread of  U-tube l e g s ,  i n .  
AA 
ABAR 
AE 
-* 
AF, AFP 
AS 
AL 
A 0  
ASTAR 
AV 
B 
C Constant  used i n  s o l u t i o n  f o r  leg h e i g h t  c1 
C 
g 
C o e f f i c i e n t  i n  gas-s ide h e a t  t r a n s f e r  c o e f f i c i e n t  . CG 
equa t ion  
C o e f f i c i e n t  i n  coolant-sZde heat t r a n s f e r  c o e f f i c i e n t  CL 
equation 
Constants  used i n  computing p r e s s u r e  cirop cc1, cc2 
S p e c i f i c  heat a t  cons tan t  pressure, Btu/ lb-OR CP 
Mean value of C .between s t a t i o n s ,  Btu/lb-’R CPBAR P 
Cp evalua ted  a t  Tgf, Etu/lb-OR 
Nozzle diameter ,  i n .  D 
CPGF 
. 
Undeforrned tube diameter ,  i n .  . SMALD 
Equivalent  diameter  of coo lan t  tube ,  in. DE 
S l o t t e d  passage he igh t  DS 
Fac to r s  used i n  computing FEFV .El, EZ, E3 
Sur face  roughness of coo lan t  passage, i n .  E 
T 
CL 
CPgf 
D 
. d  
F Shape f a c t o r  F, FP 
.’ ’ F Shape f a c t o r  FBAR 
FEFV Radia t ion  f a c t o r  FEFV 
F.S. F a c t o i  of s a f e t y  FS 
f Friction c o e f f i c i e n t  FC 
* 
a. 
7- G o ,  G1 Gray-body shape f a c t o r  GO, GI 
Nozzle Heat Tracs fe r  Program E2510 7 
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. .  . Program 
a * 'Symbol ' D e f i n i t i o n  . 
Acce le ra t ion  due t o  g r a v i t y ,  386.088 in./sec 2 G 
Enthalpy,  Btu / lb  H 
Enthalpy a t  P,, Tcs  Btu / lb  
Enthalpy a t  pout, T,,ix, Btu / lb  . HMIX 
Enthalpy of b o l t  coo lan t ,  B t u l l b  HBC 
HC 
H I N  
-, 
Enthalpy a t  P ins  T i n ,  Btu/ lb  
Enthalpy a t  pout ,  Tout, Btu/ lb  ' HOUT - 
Gas-side hea t - t r ans f  er  c o e f f i c i e n t ,  Btu/in.2-sec-OR 
Btu/ in .  2-sec-oR 
HG 
Coolant-s ide h e a t - t r a n s f e r  c o e f f i c i e n t ,  KI,HL1 
Rad ia t ion  h e a t - t r a n s f e r  c o e f f i c i e n t ,  Btu / in .  *-sec-OR HR 
Mechanical equ iva len t  of k c a t ,  '3339.12 in.-lb/E3tu - J  _ _ _ . _ _ . _  
R1, K3, R4, Cons tan ts  used i n  comput-ing p r e s s u r e  drop 
KSs K6 K5, K6 
K1,  K 3 ,  R 4 ,  
m 
%b 
Nt 
N'6 
N'S 
N'4 
N'3 
Thermal conduc t iv i ty ,  Btu/in.-sec:OR - -  ... . * - -. - 
k of t ube  coa t ing ,  Btu/in.-sec-OR I<C 
k eva lba ted  a t  T,f, Btu/in.-sec-OR 
k of tube  w a l l ,  Btu/in.-sec-OR . m, nfP 
k eva lua ted  at Twgs Btu/in.-sec-OR 
c 
KCF 
W G  
KFAC F a c t o r  de f ined  i n  Paragraph IX,C. 
Tube l eg-he ight ,  i n .  L .  
c 
Mach number of coo lan t  MC 
Mixture  r a t i o  m 
Number of tubes  through whicii c o o l a n t  flows NMB 
T o t a l  number of tubes  NT 
Nuniber of . s t a t i o n  segnicrits between nozz le  e x i t  and N6P 
downstremi p o i n t  of tnngcucy 
Nunibrir of s t a t i o n  segnicnt:; between downstream p o i n t  N5P 
of tilngency a11d t h r o a t  
Number of s t a t i o n  segments between t h r o a t  and N4P 
. upstreaiu p o i n t  of tangency 
Numbcr of station segnicnts between upstream p o i n t  N3P 
of tangency and covergency p o i n t  of tangency 
Nozzle Heat T r a n s f e r  Program E25107 
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Enginecr i ng  
Symbol 
Program 
Symbol 
Number of s t a t i o n  segments i n  knuckle  
Number of  s t a t i o n  segments i n  b a r r e l  s e c t i o n  
Chamber p r e s s u r e ,  p s i a  PC 
, N2P Nt 2 
. NIP Ni 
P S t a t i c  p r e s s u r e  of combustion gases ,  p s i a  PSC 
pc 
Gas p r e s s u r e  a t  l o c a t i o n  de f ined  by Z pa. PG 
PFM P r e s s u r e  m u l t i p l i e r  PET a 
I J C  
k P r a n d t l  number = .p. Pr  
Prc f  P r  eva lua ted  a t  Tcf PRCF 
-. 
Prgf 
P 
Prc 
pv 
R* 
Pr eva lua ted  at Tgf PRGF 
S t a t i c  p r e s s u r e  of cool-ant,  p s i a  P, PP 
Dynamic p r e s s u r e  change - FD 
P r e s s u r e  loss due t o  f r i c t i o n ,  p s i  PF 
-. . ~ - -  
Inlet pressure,  p s i a  . PIN - -  . -  
L 
p at l a s t  s t a t i o n ,  psia - PLS 
- p at discharge plenum, p s i a  mul! 
Computed v a l u e  of 'p, p s i a  PRC 
P r e s s u r e  l o s s  due to momentum, p s f  PV 
Heat t r a n s f e r r e d  t o  coo lan t  between s t a t i o n s ,  Q 
Btu/sec  
Heat f l u x  based on i n s i d e  s u r f a c e  area, Btn/in.*/sec &QA 
QW4 Heat f l u x  based 011 m e a n  meta l  area, Btu/in.*-sec 
Heat f l u x  based on o u t s i d e  s u r f a c e  area, 
Ctu / in .  2-sec 
QOAO 
Radius o f  nozz le ,  in.  R .  
Radius of b a r r e l  s e c t i o n ,  i n .  . RC 
Downstream r a d i u s  of cu rva tu re ,  i n .  RI) 
Radius a t  p o i n t  i n  d ive rgen t  s e c t i o n ,  in.  . RN 
Upstream r a d i u s  of cu rva tu re ,  i n .  RU . 
. Convergent r a d i u s ,  i n .  RB 
Throat  r a d i u s ,  i n .  RSTAR 
- 
*. .. . 
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Engineer ing 
S ynibo 1 - ' D e f i n i t i o n  
Program 
* 'Symbol 
R' Radius of cu rva tu re ,  in .  RCV 
ra _. Ambient-side tube r a d i u s  , in.  SMALRA 
Gas-side t u b e  radi.us, in.  W L R G  , 
SMALRGP % 
S Entropy, B tu / lb  
sc S at P,, T,, 'Btu/lb sc 
S Tube circ6rnf e rence ,  in .  S 
Tb Temperature of coolar i t ,  O R  TB, TBP 
Tb c TB c a l c u l a t e d  TBC 
Tc Chsmber temperature ,  OR TC 
Tcf Reference temperature  of coo lan t ,  OR TRCF 
Tf i Temperature of f i l m  coo lan t ,  OR TCF 
Tgf ' Reference temperature  of gas, O R  TGF 
T in  Coolant i n l e t  t empera tu re ,  O R  TIN 
Tm Mean wall t empera ture ,  O R  
l'rnix 
TM 
TMIX 
c 
m Lemperature cf nozzlc:  zr,.? bolt: cenlan t  mixture: OR 
Temperature of gas  wall ,  O R  
Computed v a l u e  of Twg, OR 
Ti7G - Twg 
Twgc 
Tw1 Temperature of coo lan t  w a l l ,  O R  TWL, 
TWIC Computed v a l u e  of T,1, OR TWLC 
Twm Temperature of metal-coat ing i n t e r f a c e ,  O R  TGlM 
To Temperature of core f a c e ,  O R  TO 
Ttw 
Mean c o o l a n t  t e m p e r a t u r e  between s t a t i o n s ,  O R  T W  
TWGC 
Gas t empera ture  a t  l o c a t i o n  s p e c i f i e d  by 2, O R  TINF IN 
'b 
t C  
t nl 
Coating t l l ickness  , i n .  
Metal t h i c k n e s s ,  in. 
. : t, Space thickness, i n .  . . .  . . . . -  - .  - - .  
UIJ Dimension i n  l and  and groove U tube  conf igur ' a t ion  
UL 
U Overa l l  h e a t - t r a n s f e r  c o e f f i c i e n t ,  Btu/ in .  - - S e c - O R  
V Gas v e l o c i t y ,  i n . / s e c  
Dimension i n  l a n d  and groove U tube  conf igu ra t ion  
2 
r- 
Velocity of i n j e c t e d  f i l m  coolcant, i n . / s e c  Vf 
V Coolant v e l o c i t y ,  i n .  /sec 
SMALTC 
SMALTM 
SMALTS 
UtJ 
UL 
U 
V 
VF 
vc, VP 
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Program 
* 'Symbol * ' D e f i n i t i o n  . 
Vns Coolant v e l o c i t y  a t  l a s t  s t a t  VNS 
W S l o t t e d  passage width w, WJ? 
Gas flow from core ,  l b / s e c  WGCORE 'gcore 
Q Coolant flow rate,  l b / s e c  wc 
li Gas flow rate,  l b / s e c  WG . 
? *  
WGSTAR 
*.. . Gg* Gas f low through t h r o a t ,  Ib / scc  I . .. 
*b c 
<7f 
X 
X' 
Z 
Bolt-coolant  f low, l b / s e c  WBC 
WF 
x, XP 
XI 
Fi lm coo lan t  flow, l h / s e c  
Develbped l eng th ,  i n  
Developed l e n g t h  f o r  i n i t i a l  rise i n  Tfi, i n .  
Axial l eng th ,  i n .  2, EP 
ZB 
ZD 
ZOL 
ZN 
Barrel l eng th ,  i n .  
2 to downstream p o i n t  of tangency, i n .  
Overa l l  l eng th ,  i n .  c 
Axial l eng th  from t h r o a t  of p a i n t  i n  d ive rgen t  
s e c t i o n ,  i n .  
z, Z to  upstream p o i n t  of tangency, i n .  ZU 
zw I ,  to l o c a t i o n  of chazlge i n  {I, i n .  zw 
z* Axial l e n g t h  t o  t h r o a t ,  i n .  Z STAR 
a -  Angle i n  t runca ted  tube  d e s c r i p t i o n  ALPHA 
aa Divergence ang le ,  degrees  . A L P W  
B Fac to r  d e f i n i n g  t empera tu re  recovery and/or  f i l m  BETA 
coo 1 i ng 
Convergence ang le ,  degrees  
Ratio of s p e c i f i c  h e a t s  a t  chamber cond i t ions  
BETAA 
Heated area f a c t o r  
Emiss iv i ty  of  co re  face 
Emiss iv i ty  of t cbe  w a l l  
Absolute v i s c o s i t y ,  1b l in . - sec  
p evalua ted  at Tb, lb/Ln.-scc 
p cvaluatccl a t  Tcf,  1bl in . -sec 
4 
ub 
Vcf 
MUB 
MICF 
e .  
Hozzle €lea t Transfer 
Engineering 
Symb o 1 
7 - ' D e f i n i t i o n  . 
%f p evalua ted  a t  Tgf, lb / in . - see  
-tlw 
P 
Pb 
1 
Pcf 
Pgf 
Pw 
P 
- 
P f  
Q 
8 
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Program 
Symbol 
. MUGF 
LI evalua ted  a t  T,1, l b / in . - sec  
Dens i ty ,  l b / i n . 3  AT Tco Pm 
p evalua ted  a t  Tb, l b / in .3  
p e v a l u a t e d ' a t  T,f, l b / i n .  3 
p evalua ted  a t  Tgf, l b / i n . 3  
p evalua ted  a t  TW1, l b / i n . 3  
Mezn v a l u e  of p between s t a t i o n s ,  l b / i n e 3  
p at previous s t a t i o n ,  lblin.3 
2 Stress, I b / i n ,  
Yield stress, l b / i n . 2  
Angle in t runca ted  tube  d e s c r i p t i o n  
. 
I .  - 
Muw 
RHO 
RHOBS RHOBP 
STRY 
THETA 
. 
E 
h, 
: Program E251 
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HEAT TRANSFER (KOX-CRYOGE~YIC AND CRYOGENIC) 
-.. - 
- I t e r a t i o n  Technique 
1 
To o b t a i n  new guesses for  t h e  v a r i a b l e s ,  a set of  simultaneous 
equat ions  is solved for €1, ~ 2 %  ..., en. 
old guesses to form t h e  new guesses. 
These ~i are then  added t o  t h e  
Given v a r i a b l e s  y1, yz, ..., yn as f u n c t i o n s  of  XI, x2, ...) xn, set 
up the se t  of simultaneous equat ions  - 
0 
E f -  ‘2 4-  E3 4- .... +- a% = Y 1  - YI _I) a% ax n 3 n ax, 1 ax, ax 
0 
E f -  E2 + - €3 4- .... +-  E = Y, - Yn a% -ay, ax, 1 ax2 ax ax n 3 n 
3 2  = x* - x”c In  our special case y1 = x1 - xlc ,  y2 = x2 - x2c,. . . . , . 
where t h e  s u b s c r i p t  c denotes  t h e  computed value. 
values (i.e., x I J  x2, ...$ x 1 t o  equal the computed va lues  (xi,, x z C ,  .:., n 
Since we want the guessed 
xnc) the yi are $et to zero. 
The partials are approximated by t he  following nethod: 
- . _ _  
Nozzle Heat Transfer , 
where 
. 
0 
Y1 ayl ylAxn - - =  
Axn 
the  Ax are all a n  a r b i t r a r y  small i 
Progrniri E25107 
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percentage of the x and i' 
ylAx2 = y1(xlY x2 4- Ax2, x3' ..., xn) 
v - *  
. .- 
ylAxn = y,(x1*, x2, x3, . xn -F Axn) 
The program works i n  t h e  fo l lowing  manner: S e t  up the equat ions  (I) 
by columns. The f i r s t  t i m e  througli the program givcs t h e  v a l u e s  of  yo f o r  
the  cons tan t  terms. The second t i m e  through t h e  program, change x t o  
x -I- Ax which r e s u l t s  i n  t h e  v a l u e s  f o r  column one of t ie  equat ions .  The 
t h i r d  t i m e  through change x + Ax back t o  x and change x2 t o  x2 4- Ax t o  
set up column two. Then the 
1 
1 1 
1 1 1 2 
This  r e p e a t s  u n t i l  t h e  equations are set up, 
system is  so lved ,  t h e  E 
whole procedure i s  r epea ted  u n t i l  the yo are equa l  to zero  (plus o r  minus a 
are a d d d  t o  t h e  xi t o  g i v e  n e w  guesses ,  and t h e  i 
1 
set limit of convergence). 
. 
r'pzzle Heat Transfer Program E25107 
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Tables of Pressure Ratio 
Fixed values of P,/P to be used in s e t t i n g  up tables  of T, P are: 
e' 
=i. 
1.0 
1.1 
1.2 
1.3 
1.4 
1.6 
2.0 
5.0 
10.0 
. 
. .  
20.0 
30.0 
50-0 
75-0 
100.0 
150.0 
200.0 
300.0 
400.0 
500.0 
750.0 
1000 IO 
1500.0 
2000.0 
2500 0 
3000 .O 
3500 0 
4000.0 
- 
No z z le He a t T ran s €e r 
0 .  
z 
APPEhQIX I) 
* - -  Conduct iv i ty  Tables 
Values of thermal  conduc t iv i ty  as a f u n c t i o n  of 
1 
, 
, P.rogram E25107 
Appendix D 
Page 1 
* 
temperature  are: 
Conduc t iv i ty  . 
Material Temperature, Of? ’ (Btu/in.-scc-OR) 
Has te l loy  X 530 . 0 OOO130 
660 0.000147 
960 0.000189 , 
1060 0 00019 3 
1460 O.OO0263 
1560 O.OQO27 7 
0. coo3c.s 
% 1960 0.00033 
2160 0.000364 
S t a i n l e s s  S t d  210 - O.OOO165 
- 0 1760 
- 
26 0 0 000169 
360 , 0.000178 
528 0.000195 
6 60 0.000209 
860 0.000227 
1060 0.000248 
1260 0.000267 
1460 * 0.000287 
1660 ’ 0.000306 
1860 . = 0.000327 
. .  
2060 
8 2100 
0.000345 
0.000348 
2250 0.000361 
2450 
2625 
O s  000380 
0.000394 
. .2775 0.0004bS 
. I  
'' 
1: 
a -  ' Nozzle Heat Transfer 
/ 
APPENDIX E 
Yield Stress Tables 
Values of yield stress as a function of 
Material 
Hastelloy X 
Stainless  Steel 
Temperature, OR 
260 
460 
560 
7 60 
960 
1160 
1660 
1860 
2160 
2360 
2560 
60 
160 
260 
360 
460 
660 
1060 
1460 
1760 
1960 
2210 
2460 
- 
Program E25107 
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temperature are: 
Yield Stress 
psi 
63000 
48003 
44000 
39000 
36G00 
34000 
.- 
32000 
29000 
16300 
10000 
5000 
57Gd0 
46000 
38000 
34000 
. 31000 
28000 
23000 
19000 
18000 
14 000 
. .  
6000 
3000 
N8110R:.72-0 36 
/’ 
ATTACHMENT 2 
SAMPLE PROGRAM 
/ (ANSC R e p o r t  N o .  N8110R:72-030, Dated Fe’bruary 
I-. , 
i 
ROCKET NOZZLE COOLANT CHANNEL 
THERMAL ANALYSIS PROGRAM 
(E25107) 
19 72) 
N8110R: 72-030 
ENGINEERING OPERATIONS REPORT 
CORRELATION OF NRX-A5 AND NRX-A6 
TECHNOLOGY NOZZLE TEST DATA WITH 
CALCULATED PERFORMANCE 
PROJECT 141, WORK STATEMENT 9c 
FEBRUARY 1972 
J. J. WILLIAMS 
CLASSIFICATION CATEEORY [ ~ l  
c 
APPROVED : 
&if 4 
K. SATO, MANAGER 
ENGINEERING STAFF DEPARTMENT 
. .  
r ;  i 
r ,  
r' 
J. J. W i l l i a m s  N8110R: 72-030 
' February 1972 Page 1 
CORRELATION OF NRX-A!5 AND NRX-A6 
TECHNOLOGY NOZZLE TEST DATA WITH 
CALCULATED PERFORMANCE 
I. INTRODUCTION/ SU-PMAKY 
Ca lcu la t ions  were made t o  determine f a c t o r s  t o  use wi th  t h e  Nozzle Heat 
Transfer  Program (E25107) i n  o r d e r  t o  model the NERVA 75K engine.  The approach 
taken w a s  t o  c o r r e l a t e  NERVA Technology Nozzle d a t a  to  the s e l e c t e d  t h e o r e t i c a l  
models and determine the  appropr ia te  c o r r e l a t i o n  f a c t o r s .  This i s  an ex tens ion  
of t h e  work repor ted  i n  Reference (a) and s e c t i o n s  of t h a t  r e p o r t  w i l l  be . r e -  
peated he re ,  i n  o r d e r  t o  consol ida te  f i n a l  major r e s u l t s  i n  one r epor t .  
Ear ly  scale model h e a t  t r a n s f e r  tests of t h e  Technology Nozzle configura- 
t i o n  are repor ted  i n  References (b ) ,  ( c ) ,  (d ) ,  ( e )  and ( f ) .  Data from these  
tests ind ica t ed  t h a t  t he  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  b a r r e l  and convergent 
s e c t i o n  of .the nozz le  w e r e '  much' h ighe r  than p red ic t ed  by c convent ional  methods of 
calculation f o r  chemical rocket  nrizzles such as Refereaces (g) and (h).  %is 
e f f e c t  has  also been observed i n  scale model tests of o t h e r  nuc lea r  nozzle  con- 
f i g u r a t i o n s  (References (i), ( j ) ,  .(k), and (1)). It is  due to  t h e  f a c t  t h a t  a 
convent ional  boundary l a y e r  does n o t  begin t o  develop j u s t  a f t  of t h e  r e a c t o r  
core ,  bu t  r a t h e r  t he re  i s  a dece le ra t ion  and coa lesc ing  of the  many d i s c r e t e  
jets of gas i s s u i n g  from the core i n t o  the  nozzle  chamber. This e f f e c t  neces- 
s i t a t e s  recourse to  empiricism i n  cha rac t e r i z ing  the  nozz le  gas-side heat t r a n s f e r .  
, . .' 
. 
Also, advances have been made i n  t h e  f i e l d s  of f l u i d  mechanics and h e a t  
t r a n s f e r  t h a t  p e r t a i n  t o  the method employed i n  developing the models f o r  l i q u i d  
s i d e  h e a t  t r a n s f e r  and p res su re  drop. A s  a consequence of t hese  developments. 
it w a s  appropr i a t e  t o  update t h e  previous model and t h i s  w a s  done as p a r t  of the 
work repor ted  i n  Reference (a ) .  Since t h a t  t i m e ,  however, some a d d i t i o n a l  modi- 
f i c a t i o n s  have been made to t h e  a n a l y t i c a l  model f o r  l i q u i d  s i d e  p re s su re  drop 
and a d d i t i o n a l  test po in t s  from technology nozzles  NEX-A5 and NRX-A6 w e r e  
analyzed t o  determine pressure  f a c t o r  m u l t i p l i e r  and h e a t  t r a n s f e r  s u r f a c e  area 
m u l t i p l i e r s .  
This r e p o r t  descr ibes  the  a d d i t i o n a l  work and p resen t s  an example c a l c u l a t i o n  f o r  
t h e  NERVA 7 5 K  engine using the  recommended model parameters. 
I n  add i t ion ,  some minor changes were made i n  t h e  computer code i t s e l f .  
J. J .  Williams 
February 1972 
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TECHNICAL DISCUSSION 
/' 
A. COMPUTER PROGRAMS EMPLOYED I N  DEVELOPMENT OF GAS-SIDE THERMAL MODEL 
Two technology nozz les  (NU-A5 and NRX-A6) were modeled on the  
regeneratively-cooled nozzle  computer program (Reference (m)) by i n p u t t i n g  
the nozzle  geometries (nozzle contours and coolan t  channel flow areas). 
program so lves  the  energy and momentum equat ions f o r  a f l u i d  flowing through a 
channel subjec ted  t o  convec'tive and r a d i a t i v e  h e a t  t r a n s f e r .  
employed i n  the  model are summarized below. 
This 
The major op t ions  
1. Coolant-side Heat Transfer  Coef f i c i en t  
J. 0. Sane and D. W. Lunsford, p rev ious ly  of ANSC, examined 
2230 poin ts  of  hydrogen h e a t  t r a n s f e r  d a t a  i n  the  s p e c i f i c  ope ra t ing  range of 
t he  NERVA nozz le  and der ived a new coolant-s ide c o r r e l a t i o n  (Reference (n>>  
This  c o r r e l a t i o n  has  been u t i l i z e d  i n  t h e  new model: 
A f a c t o r  t h a t  accounts f o r  en t r ance  e f f e c t s  is  mul t ip l i ed  t i m e s  
t h i s  expression and t akes  the  fol lowing forms: 
f o r  0 - < X/DE < 5.198 
Entrance f a c t o r  = 1.8 
f o r  5.198 < X/DE - < 120 
Entrance f a c t o r  = (1 f ;) 
4 0  1.030 
X/DE 
f o r  X/D 120 t h e  en t rance  f a c t o r  has  a t t enua ted  t o  uni ty .  E -  
A f a c t o r  t h a t  accounts f o r  coolant  channel curva ture ,  f o r  t he  
case i n  which h e a t  t r a n s f e r  e x i s t s  over t h e  convex s u r f a c e  of t he  curve ( t h e  
nozz le  t h r o a t ) ,  is  mul t ip l i ed  t i m e s  t h e  s t r a i g h t  tube c o r r e l a t i o n  and takes  the  
fol lowing forms: 
' J. J. WillfaIlls 
. February 1972 
N8110R: 72-030 
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c- 
1 + 1.128 # 
.797 p e b  (&)* J .0785 
2.502 - 1.16 # 
curved tube f a c t o r  
i n  which # is  the  angle  of curva ture  i n  rad ians .  
For the p a r t i c u l a r  value of 0 ,  Reb,  and y a t  a l o c a t i o n  on a curved tube,  t h e  
expres s ion  above t h a t e y i e l d s  t h e  lowest  curved tube f a c t o r  is  u t i l i z e d . *  . 
DE 
C 
2. F r i c t i o n  Fac tor  Cor re l a t ion  
M. F. Taylor (Reference (0)) has  c o r r e l a t e d  f r i c t i o n a l  pressure  
drop measurements f o r  helium, hydrogen, n i t rogen ,  a i r ,  and carbon d ioxide  gases  
f lowing through heated tubes by means of t h e  fol lowing express ion  f o r  t h e  
1 d i a b a t i c  f r i c t i o n  f a c t o r  I -7 
0.5 . 
f = 2(.0007 + 
This c o r r e l a t i o n  w a s  developed f o r  su r face  Reynolds numbers 
( p r o p e r t i e s  based on coolant-s ide w a l l  temperature T 
f o r  the w a l l  temperature-to-bulk temperature r a t i o  between .35 and 7.35. Taylor 
has  matched NRX-A6 f u l l  power p re s su re  drop measurements (Reference (p) )  by employ- 
i n g  h i s  f r i c t i o n  . fac tor  c o r r e l a t i o n  over  t h e  heated s u r f a c e  of t h e  coolan t  tube 
(semi-circular  po r t ion  of U-tube) and employing a s tandard  coolan t  bulk tempera- 
ture-referenced f r i c t i o n  f a c t o r  over  t h e  unheated tube s u r f a c e  ( l egs  and base  of 
) of 3000 and g r e a t e r  and WL 
.U-tube). This procedure i s  implemented by means of an e f f e c t i v e  f r i c t i o n  f a c t o r ,  . 
' which is defined as: 
C 
S - 'b 
C 
+ f c  Sb + s 
C 
f e f f  - f b  Sb f S 
f .? 
*Nomenclature used i n  t h i s  r e p o r t  is c o n s i s t e n t  wi th  t h a t  used i n  Reference (m). 
N8110R: 72-030 
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e f f e c t i v e  f r i c t i o n  f a c t o r  
J. J. W i l l i a m s  
February 1972 
i n  which: 
- 
f e f f  
- 
f b  - 
€ =  
C 
s =  
C 
f r i c t i o n  f a c t o r  re ferenced  a t  coolan t  bu lk  u r e  
Taylor ' s  f r i c t i o n  f a c t o r  c o r r e l a t i o n  re ferenced  a t  tube 
temperature  
s u r f a c e  area a t  coolan t  bu lk  temperature  ( l egs  and base  
o f  U-tube) 
s u r f a c e  area a t  tube crown temperature (semi-circular  
't 
p o r t i o n  of U-tube) 
This express ion  and Taylor ' s  f r i c t i o n  f a c t o r  c o r r e l a t i o n  were 
added t o  the  E25107 program, which a l ready  has  a coo lan t  bu lk  temperature-referenced 
f r i c t i o n  f a c t o r  c o r r e l a t i o n :  
which r ep resen t s  a d i a b a t i c  flow p res su re  drop da ta .  
The e f f e c t  of cu rva tu re  on t h e  s t r a i g h t  tube f r i c t i o n  f a c t o r  w a s  accounted f o r  by 
applying I t o ' s  c o r r e c t i o n  f a c t o r  (Reference (4)) : 
( f '  1 = ( f  1 
eff curved tube eff  s t r a i g h t  tube 
3. F r i c t i o n a l  Pressure  Drop Calcula t ion  
The e f f e c t  o f  temperature  g rad ien t  on p res su re  drop has  been 
included by modifying the  prev ious ly  used r e l a t i o n s h i p  t o  the  fo l lowing  : 
- Tb - Tb --2 
[(PF'M) 4 fe f f  Ix - x I + 2K6 4 1  
- Tb 
J. J. Williams N8l lOR:  727030 
February 19 72 Page 5 
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I 
where normally K6 = 1 and PFM = 1. 
caused t h e  va lue  of PEN requi red  t o  match technology nozz le  d a t a  t o  decrease  
f r o m  va lues  prev ious ly  obtained. 
The inc lus ion  of the  temperature t e r m  has  
4. Entrance and E x i t  Pressure  Drop 
The pressure  drop r e s u l t i n g  from t h e  flow of hydrogen coolant  
f r o m  the i n l e t  manifold through the  coolant  tube i n l e t  ho le s  and i n t o  t h e  coolan t  
t ubes  and o u t  of t h e  o u t l e t  ho le s  w a s  ca l cu la t ed  by means o f  a l o s s  f a c t o r  f o r  
incompressible  flow. The equat ions de f in ing  these  f a c t o r s  are shown i n  Refer- 
ence (m). 
The ent rance  and e x i t  p re s su re  l o s s  f a c t o r s  used fox  the  
Technology Nozzles are summarized below: 
K1, Entrance Fac tor  4, Exi t  Factor  
NRX-A5 
NRX-A6 
2.0 1.1 
L 
2 .o 1.1 
5. Coolant Temperature and Pressure  Drop I t e r a t i o n  
The coolant  pressure  and temperature drop can be  inpu t  t o  t h e  
n o z z l e  program and i t  w i l l  i terate on the  va lue  of a f r i c t i o n  f a c t o r  m u l t i p l i e r  
PRI and a h e a t  t r a n s f e r  s u r f a c e  area m u l t i p l i e r  EPGEOM t o  march t h e  i n p u t  va lues  
of AP and AT. This opt ion  w a s  employed fo r  t h e  technology nozz le  runs by in- 
p u t t i n g  the  measured 2 P ' s  and AT'S shown i n  Table I. 
p r e s s u r e  m u l t i p l i e r  (PFM) w a s  0.618 and the  mean va lue  for t h e  heated area 
f a c t o r  (EPGEOH) w a s  0.887. These values  w e r e  used f o r  t h e  a n a l y s i s  shown i n  
Table 1. The assumed gas s i d e  w a l l  temperature d i s t r i b u t i o n s  f o r  the  technology 
nozz le s  are those shown i n  Figures  1 and 2. 
The mean value f o r  t h e  
. 
6 .  Hydrogen P rope r t i e s  
Per  d i r e c t i o n  of t he  Space Nuclear Systems Of f i ce  t h e  December, 
1969, NBS hydrogen p rope r t i e s  were incorporated i n t o  the  nozz le  computer program. 
Para-hydrogen p rope r t i e s  were u t i l i z e d  on t h e  coolant-s ide and equi l ibr ium C' 
I__ . .. __ -. . .. . . . , 
J, J. W i l l i a m s  N 8 1 1 0 R :  72-030 I .  
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b 
hydrogen p rope r t i e s  were employed on t h e  gas-side. 
o r t h o  conversion wi th in  the  NERVA nozzle  coo lan t  channels has  y e t  t o  be resolved 
a t  the  d a t e  of t h i s  wr i t i ng .  
The ques t ion  of pa ra  t o  
'r 
B. GAS-SIDE HEAT TRANSFER COEFFICI@4T - 
._ 
A l l  t h e o r e t i c a l  gas  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t s  w e r e  ca l cu la t ed  
by the  i n t e g r a l  boundary l a y e r  method deskribed i n  Reference ( r ) .  
u t i l i z e d  f o r  determinat ion of s k i n  f r i c t i o n  c o e f f i c i e n t  w a s  t h e  method of Coles 
and the  value used f o r  t h e  boundary l a y e r  i n t e r a c t i o n  exponent was  0.25. 
The opt ion  
Another i n p u t  t o  t h e  boundary l a y e r  code is t h e  va lue  f o r  t h e  r a t i o  
of u t i l i z e d  t o  t h e o r e t i c a l  s k i n  f r i c t i o n  , coe f f i c i en t .  
ca l cu la t ed  h e a t  t r a n s f e r  c o e f f i c i e n t  because the  r e l a t i o n s h i p  used t o  o b t a i n  
Stanton number is  a modified Reynolds' analogy. 
This va lue  e f f e c t s  t h e  
The appropr i a t e  va lue  f o r  t h e  r a t i o  of requi red  t o  c a l c u l a t e d ' s k i n  
f r i c t i o n  c o e f f i c i e n t  w a s  obtained i n  t h r e e  s t e p s  . 
1, The a c t u a l  t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  was est imated from 
c 
NRX-A5 and N U - A 6  test d a t a  using t h e  w a l l  temperature d i s t r i b u t i o n s  shown in  
Figures  1 and 2 and the  hea ted  area f a c t o r  and p res su re  m u l t i p l i e r  previously 
determined. 
2. A modified versiQn of t he  i n t e g r a l  boundary l a y e r  progran w a s  
used t o  determine the  requi red  va lues  f o r  t h e  r a t i o .  The c 'alculated va lues  are 
shown on Figure 3 .  
3. An approximate envelope curve w a s  drawn on Figure 3 and the  
r a t i o  of a c t u a l  t o  t h e o r e t i c a l  f r i c t i o n  c o e f f i c i e n t  w a s  taken from t h i s  curve f o r  
a l l  subsequent boundary l a y e r  ana lyses .  It is  es t imated  t h a t  t h e  high r a t i o  values 
.near the  co re  f ace  r e s u l t  from e f f e c t s  of t h e  d i s c r e t e  jets i s s u i n g  from the 
core  i n t o  the  chamber and t h a t  these  e f f e c t s  are damped by the  con t r ac t ion  ahead 
of t h e  th roa t .  Since t h e  d i s t ance  from the  core f a c e  t o  the  s tar t  of the con- 
t r a c t i o n  is approximately the  same f o r  t h e  technology nozz les  and t h e  NERVA 75K 
nozz le ,  the u t i l i z e d  ra t io  w a s  taken as a func t ion  of length  i n  the  i n i t i a l  zone. 
* .  
In t h e  high Mach number region where t h e  , theory is less re- 
l i a b l e ,  t he  r a t i o  is assumed t o  be  a func t ion  of Mach number only. The technology 
W. R. Thompson 
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I, INTRODUCTION 
C 
A number of computer codes have been developed t o  p r e d i c t  t h e  thermal 
C .  
c h a r a c t e r i s t i c s  of l iquid-cooled tube-bundle rocket  nozzles .  Several of t hese  
w r i t t e n  a t  Aerojet  General Corporation f o r  l i q u i d  p rope l l an t  chemical rocke t  
engines were ex tens ive ly  modified t o  g ive  a new program s p e c i f i c a l l y  f o r  use i n  
computing the  h e a t  t r a n s f e r  parameters f o r  t he  liquid-hydrogen-cooled NERVA 
engine.  ?-is program (E25107) , however, r e t a i n s  t h e  c a p a b i l i t y  of using con- 
vent iona l  p rope l l an t s  as coolan ts  and thus provides a f l e x i b l e  t o o l  f o r  nozzle  
design and test eva lua t ion .  
11. SUMMARY AND RECOMMENDATIONS c 
A complete desc r ip t ion  of t h e  Rocket Nozzle Coolant Channel Thermal 
Ana-lysis Program (E25107) i s  presented,  inc luding  a users  manual, program l i s t i n g ,  
and a sample problem. The program is recommended f o r  use i n  designing l i q u i d  
cooled rocke t  nozzles .  I n  add i t ion ,  it is  adaptab le  t o  any system i n  which a 
l iquid-cooled tubu la r  s t r u c t u r e  is used t o  conta in  and d i r e c t  t h e  flow of a h o t '  
gas. . 
111. TECHNICAL CONTENT 
A. PROGRAM DESCRIPTION 
Program E25107 is  a h ighly  f l e x i b l e  genera l  computer code t o  compute 
t h e  h e a t  t r a n s f e r  parameters of t ubu la r  regeneratively-cooled rocke t  engines.  
ve r s ion  given he re in  has  been wr i t ten  f o r  t he  Univac 1108. 
The 
Allowance is  made f o r  v a r i a t i o n s  of var ious  geometric and f l u i d  
parameters pe rmi t t i ng  comparisons as w e l l  as design c a l c u l a t i o n s .  The bulk 
temperature and pressure ,  gas-side w a l l  temperature and l i qu id - s ide  w a l l  tempera- 
t u r e  are guessed. The program then iterates on these  fou r  va lues  u n t i l  t he  
W. R. 'phompon N8110R:72-036 
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computed va lues  are equal  t o  t h e  assumed va lues  wi th in  a prescr ibed  to le rance .  
This procedure i s  fo1lowe.d a t  var ious  increments a long t h e  nozzle  beginning a t  
the p o i n t  where t h e  coolan t  e x i s t s  and terminat ing a t  t h e  po in t  where the  coolan t  
is discharged.  
r e c t l y  o r  may be generated by the  program. 
The s t a t i o n  d a t a  descr ib ing  t h e  nozz le  contour  may be  inpuz d i -  
B. PROGRAM CAPABILITIES AND LIMITATIONS 
The program i s  extremely f l e x i b l e ;  a complete d iscuss ion  of the 
mul t i tude  of op t ions ,  given i n  t h e  Users Manual, is  inappropr i a t e  a t  t h i s  po in t .  
However, among t h e  main f e a t u r e s  are t h e  opt ions  available f o r  computing t h e  
l iqu id-s ide  h e a t  t r a n s f e r  c o e f f i c i e n t  (11 equat ions or a t a b u l a r  i n p u t ) ,  t he  
gas-side h e a t  t r a n s f e r  c o e f f i c i e n t  ( 3  equat ions o r  a t a b u l a r  i n p u t ) ,  and th ree  
f r i c t i o n  f a c t o r  equat ions.  Property d a t a  f o r  t h ree  coo lan t s  are incorporated:  
w a t e r ,  Aerozine-50 and l i q u i d  hydrogen (both equi l ibr ium and pa ra  forms). Tube 
. 
. w a l l  material p r o p e r t i e s  f o r  s t a i n l e s s  steel  and Hastelloy-X are included;  t h e  
user may inpu t  any o t h e r  material i n  t a b u l a r  form. 
be s p e c i f i e d  as r ec t angu la r  s l o t ,  t ruzca ted ,  round cx f l a t t e n e d ,  o r  U - t & e .  
Thermal r a d i a t i o n  e f f e c t s  can be  included. 
Coolant passage geometry may 
c. USERS MANUAL 
' A complete and up-to-date Users Manual i s  a t tached  as Attachment (1). 
D. SAMPLE PROBLEM 
. 0  
The sample problem s e l e c t e d  is t h a t  of  c o r r e l a t i o n  of  NFX-A5 and 
NRX-A6 technology nozzle  test d a t a  with ca l cu la t ed  performance. This problem 
is presented  i n  Attachment (2) .  
E. COMPUTER LISTING 
A l i s t i n g  of Code E25107 is  included as Attachment ( 3 ) .  
N8110R: 72-0 36 
ATTACHMENT 1 
USERS MANUAL 
ROCKET NOZZLE COOLANT CHANNEL 
T H E W  ANALYSIS PROGRAM 
(E25107) 
I 
, 
. .  
TECHNICAL AND USERS MANUAL FOR 
PROGRAM E25107 
NOZZLE HEAT TRANSFER 
(Revision of Program E25104) 
. 
February 19 72 
J. J. WILLIAMS 
Page 1 
t NOZZLE HEAT TRANSFER 
A. PROBLEM TO BE SOLVED ,' 
This program computes h e a t  t r a n s f e r  parameters of t ubu la r  
regenerat ively-cooled rocke t  engines.  -'( 
parameters 
w r i t t e n  by 
B.  
l i qu id - s ide  
four  values  
I 
Allowance is made f o r  v a r i a t i o n s  of var ious  geometric and f l u i d  
? e m i t t i n g  comparisons as w e l l  as design ca l cu la t ions .  
This program is a modif icat ion of E2S106 and E25104 which w e r e  
II. M. Sheehy. 
METHOD OF APPROACH . . 
The bu lk  temperature and pressure ,  gas-side w a l l  temperature and 
w a l l  temperatures  are guessed. The program then iterates on these  
u n t i l  t he  computed values  are equal  t o  the  assumed va lues  w i t h i n  a 
L 
prescr ibed  to le rance .  This pro'cedure i s  fo l lowed .a t  var ious  increments a long 
t h e  nozz le  beginning a t  t h e  po in t  where the  c o o l a n t ' e x i s t s  and termitzating a t  
t he  p o i n t  where coolant  i s  discharged. 
The s t a t i o n  d a t a  desc r ib ing  the  nozz le  contour may be i n p u t  
d i r e c t l y  o r  
c. 
D. 
may be generated by the  prograv. 
MATHEMATICAT, MODEL 
See Appendix A .  
NUMERICAL METHODS USED 
1. For a desc r ip t ion  of the i t e r a t i o n  scheme, see Appendix B. 
2. I n t e r p o l a t i o n s  performed on the  s t a t i o n  d a t a  are l i n e a r .  
3. I n t e r p o l a t i o n  is performed on t h e  coolan t  p rope r t i e s  by 
us ing  a t h i r d  degree i n t e r p o l a t i n g  polynorninal which is 
continuous and has  a continuous 1st d e r i v a t i v e .  
- 
Nozzle k a t :  T rans fe r  
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/ 11. INPUT DATA 
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A. DISCUSSION 
Tlids program u t i l i z e s  the  NAMELIST f e a t u r e  of F o r t r a n  IV f o r  
l oad ing  i n  da ta .  
the " N a m e l i s t  Usage Report ,  Program E61214", Computing Sciences Div i s ion ,  
by W. Cull. 
A complete d e s c r i p t i o n  of how i t  is used w i l l  be found i n  
B.  DATA - 
- .  . This s e c t i o n  provides  a l ist ,  by v a r i a b l e  name, af a l l  t he  
../ d a t a  used by t h e  program toge the r  with a b r i e f  d e s c r i p t i o n  o r  d e f i n i t i o n .  
, . 
ITEM DESCRIP TICN -
- -1. -- REYEXP . Exponent on Reynolds number when HGC = 4 -0. 
. .- - - - -  ...- - - - . -  - 
(-\ 2. PIUE'XP Exponent on P r a n d t l  nwher  when HGC = 4 .  . - - . o  .-.- -- . 
3. ITRFL. . . The maximum nurrher of i t e r a t i o n s  to  10. 
convergence. Then t h i s  parameter is 
not inpu t .  . 
4. LW.. Land width f o r  U-tube with/and o r  groove 
conf igu ra t ion  . 
5 .  
6. 
FRIC,. . F r i c t i o n  f a c t o r  flag.. I f  FRIC i s ' z e r o  . -1 * 
the f r i c t i o n  f a c t o r  equat ion  is  modified.  
I f  FRIC = -l., M. F. Taylor  Equation i s  
used. I f  F R I C  = l., f r i c t i o n  f a c t o r  is 
computed from equat ion  shown i n  s e c t i o n ,  
VII.L.2.,(2) Appendix A. 
SUM. Output f l a g  
SUM = 1, s h o r t  output  
SUM = 2, long output  
S W  = 3, both  long  and s h o r t  ou tpu t  
c 
7, WGSTA.. . The gas flow rate,  UGSTAR, i s  computed 0 ,  
whenever WGSTA equals  Zero. \?hen WGSTA 
is non-zero then WGSTAR is inpu t .  
Nozzle Iteat Transfer  Program E253.0 7 
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! 
i .  
ITEM -- 
8 ,  BLC. ... 
9. HGC.. . 
. DEFAULT 
DESCRIPTIOlq VALUE 
Liquid-s ide h e a t  t r a n s f e r  c o e f f i c i e n t  0. 
f l a g .  ELC assumes va lues  1 t h r o  
depending upon which 1rR r e l a t i o n  
‘ is  des i r ed .  (See Sectior? V1.A o 
Appendix A.) HLC = 9 r e q u i r e s  t h a t  
TAHL t a b l e  be  i n p u t  
Gas-side heat t r a n s f e r  c o e f f i c i e n t  f l a g .  0. 
HGC takes  on the  value 1, 2,  3 ,  o r  4 
(See Sec t ion  V I  E of gAppeLidix 2. ) 
HGC = 3 r e q u i r e s  t h a t  Tr’JlG t a b l e s  be inpu t .  
“depending on which h equat ion  i s  d e s i r e d .  
\ 
10 WALL.. . Wall-type f l a g  used only f o r  the non- 
If non- 
cryogenic  case .  I f  equa l  t o  zero  a 
c y l i n d r i c a l  wall. i s  assumed. 
zero,  a flat s u r f a c e  i s  assumed. (See - -- - --- - -  
Sec t ions  VI.E.2 and VI.G.2 of Appendix A . )  
- 11. MERCR.. = 0 i f  cryogenic  case 0. 
- , - -  _. - -. ~ - - - _  = 1 i f  non-cryogenic c -_ - 
0. 
(- 
--. 1Q DC..  . CIkm?? 2r F zczc crz 
13. TC.. . Chamber temperature  0. 
14. NR. . Mixture r a t i o  . 0. 
15. ’ WGSTAR.. . The gas f low rate through t h e  t h r o a t  0. 
It;. WGCORE.. . The gas flow rate from t h e  co re  0. 
17 .  zw,. . 
18. PIN. ,. 
19. TIN. ,  . 
19a. COEF(S,S). . . 
20 E.. . 
The a x i a l  coord ina te  a t  which t h e  f l o w  0. 
rate tJ changes. 
Appendix A.) 
(See Sec t ion  V1.B of 
Coolant i n l e t  p re s su re .  0. 
Coolant i n l e t  temperature  0. 
Constants  t o  the  4 th  degree polynomial used 
Surface  rovghncss of c o o l a n t  psssnge. 
0, 
t o  desc r ibe  temperature  dependent p r o p e r t i e s .  
0 .  
Nozzle Heat Trans fe r  Pro 6 r atti E2 5 10 7 
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DEFAULT 
! - IT EM DESCRIPTION V N J E  
,XPL@T(lO). . . . Array of ’ f lags  used t o  ind ica te .  which 
c: 
21. 0 .  
~ 2 r i a b I . e ~  t o p l o t  versus l eng th .  The I. 
l n d i v i d u a i  f l a g s  are: 
XPLOT(1) = l., coo lan t  p re s su re  . 
XPLOT(23 = 1.) coo lan t  bulk t e q p e r a t u r e  
XPLOT(3) = l., nozzle  r a d i u s  
XPLOT(4) = l., coolrrnt s i d e  h e a t  t r a n s f e r  
c o e f f i c i e n t  
c o e f f i c i e n t  
XPLOT(6) = l., tube wall th i ckness  
XPLOT(7) = l., gas s i d e  w a l l  temperature 
XPLOT(8) = l., coolant channel flow area 
XPLOT(9) = l., coolant  channel  l e g  h e i g h t  
XPLOT(10)= I., gzs side Cg c o e x f i c i e n t  
The s h o r t  ou tput  op t ion  o r  t h e  combination 
ou tpu t  op t ion  (SlM = 1. or SUM = 3 . )  must 
c 
+XPLOT(5) = l., gas s i d e  h e a t  t r a n s f e r  
. .  - -.-- - _--. - - ,  
_ e _ .  ._ . - _  - be used i f  p l o t s  are t o  b e  obta ined .  
* .  ..- ~ . - - - ...- - - -  
22. K l . .  . Constant  used i n  moxentum l o s s  equat ion .  -.1.--.. -- 
22a. K2.. Constant used i n  the  p re s su re  drop equat ion .  0. 
23. K 3 . . .  ‘ Constant  used i n  conputing o u t l e t  p re s su re .  , 1, 
/=-\ 
.-.* (See Sec t ion  V1.L.l.b c f  Appendix A . )  
(See Sec t ion  VI.L.4 of Append ix  A.) 
24. K4. . Same as above. 0. 
24a. K5S.. , Flag  set  t o  1. i f  Ito curved tube  f r i c t i o n  1. 
25. cc2 . .  . Same as above 0 .  
26. cc1.. . . Sane as No. 22 0 .  
27 AL. s e Area of i n l e t  passage 1.0 
28. A 0  Area of o u t l e t  passage 1.0 
29. C B 1 . .  . Constant used i n  h?, equa t ion .  (See 1, 
f a c t o r  c o r r e c t i o n  is  to  be  app l i ed .  
, -._- . 
Appendix A, Sec t ion  V1.A.) 
30. C B 2 . .  Same as above” 1. 
31. AASTAR.. . Exit  a r e a l t h r o a t  area ratict ( s e e  Sec t ion  C 
for d e s c r i p t i o n  of when t h i s  is needed) .  
Program E25107 
P a g e  5 
.. 
DEFAULT 
VALUE -- IT EM - DESCRIPTION 
8 
32. Radius of b a r r e l  s e c t i o n  RC.. 
Radius of curva ture  downstream. of throat 
(reqdired i npu t  when K5S = 1.) 
Radius of curva ture  upsfream of t h r o a t  
( requi red  inpu t  when K5S = 1.) 
Convergent r a d i u s  
33. Rn... 
RU.. . 34. 
35.. 
36. 
37. 
38. 
39 
4 0 .  
4 1 .  
RB... 
RSTAR, . . 
ZB.. . 
ZOL. . 
ALPW.. . 
BETAA.. . 
NlP.. * 
N2P. . 
N3P..  . 
N4P.. . 
N5P.. . 
N6P.. . 
GAMMA.. . 
Throat  Radius 
B a r r e l  l eng th  
Over-all  l eng th  of nozz le  
Divergence ang le  
Convergence angle  
Number of p o i n t s  des i r ed  i n  Sec t ion  1, 
N u m b e r  of p i n t s  d e s i r e d  i n  Sec t ion  2. 42 : 
4 3 .  N u m b e r  of po in ts  des i r ed  i n  Sec t ion  3.  
Number of p o i n t s  des i r ed  i n  Sec t ion  4. 
N u m b e r  of p o i n t s  des i r ed  i n  Sec t ion  5.  
4 4 .  
4 5 .  
46 .  
- 47. 
Number of p o i n t s  des i r ed  i n  Sec t ion  6. 
0 
Ratio of s p e c i f i c  h e a t s  when TFlACH(1to) 
t a b l e  i s  used t o  ob ta in  loca l  va lues  of 
gas s i d e  p re s su re ,  tempera ture  and v e l o c i t y  
Emiss iv i ty  of core f a c e ,  E . (See Sec t ion  
VL.C.2.a of Appendix A . )  
Emiss iv i ty  of tube wall, E (See Sec t ion  
VI.C.2.a of Appendix A . )  
0 
1' 
EPOGEO, . . 4 8 .  
. 49. EPZGE$. . . 
50. Temperature of co re  face 
Temperature of coolan t ,  OR. 
Bolt coolant  flow 
Enthalpy change of b o l t  coolant 
5Oa. 
-, 51. 
52. 
d 
TB.. . 
WBC. 
HBC. .  . 
Noz zZe Heat Trans f e r  Program E25107 
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i 
r 
53. WF.. . Film coolact flow 
54.  X I .  . Developed l e n g t h  f o r  i n i t i a l  rise i n  TFI. 
55 * TCF.. . Reference temperature  of coo lan t  
56. VI?. . . Veloc i ty  of i n j e c t e d  f i l m  coolant .  
. _  57. TWL... Temperature of coo lan t  w a l l  a t  1st station 
- . .  
I 
58. TWG.. . Temperature of  gas w a l l  a t  1st s t a t i o n  
59. ZSTAR., . Axial d i s t a n c e  t o  t h e  nozz le  Lhroat 
60. ASTAR.. . Throat  area 
61. COOL.. * Designates  type of  coo lan t  used. 
62. EN. . 
63. ZETA. . 
6 4  CONTR, . 
64a. ZD 
- .- -2: . -. ~ & .- - L - -- = 1, NBS equ i l ib r ium hydrogen - . 
= 2 ,  Acrozine-50 
= 3, Water 
= 4, NBS pa ra  hydrogen 
Molecular wefght 
. .  - -_ .-- I - . . - .  
__ _-- - _ -  
Combus t i o n  e f f i c i e n c y  used i n  computing 6. 
Contour subprogram bypass  f l a g .  I f  CONTX=2, the 
program chFcks t h e  Materi-a1 Curve Data Flag  ( E f Y X )  
to  o b t a i n  the  cozz le  contour  da t a .  Nozzle contour  
s t a t i o n  d a t a  will be generated whenever CONTR=O 
I f  CO;\ITR=l, s t a t i o n  d a t a  is i n p u t  d i r e c t l y .  
2 t o  downstream po in t  of tangency, i n .  
( requi red  i n p u t  i f  K5S is i n p u t  a t  1.0) 
-- . 
. .  
64b. zu 2 t o  upstream p o i n t  of tcangency, i n .  
( requi red  i n p u t  i f  K5S i s  i n p u t  as 1.0) 
65. NTOT.. . T o t a l  number of  s t a t i o n s  i n p u t  
65a. SMALTC.. . Coating th i ckness ,  t c ,  i n .  . .  
66. DUMPEPf. . . Dump f l a g .  I f  non-zero, i n t e rmed ia t e  va lues  w i l l  
be p r i n t e d  a f t e r  each i t e r a t i o n .  
66a. SXALTS.. . Space th i ckness ,  ts, i n ,  
-> 67. TITLE. . T i t l e .  (Limited to 80 cha rac t e r s . )  This i n f o r -  
mation appears  a t  t h e  top of each page of o u t p u t  
( m u s t  b e  ciiclcsed i n  quotes ) .  
t he  t i t l e  i s  rcad from card prccecling DATUY by il 
f ormtl t . 
-' 
For UNIVAC usage 
68. 
69. 
70. 
71  
72. 
73. 
74. 
75 
76. 
76.a 
76.b 
76.c 
76.d 
76.e 
76. f 
76. g 
76.h 
76.1 
76. j 
Wozxlc Heat Trans fe r  
DZ.. e 
NC. . 
RBO. . 
TATWM(25) . . 
TASTRY (25) .  . . 
TTATXR(29). . . 
TTKhR(20). . . 
TAZ(l0f;) ... 
DESCRIPTION 
Program E25107 
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I .  
Number of p o i n t s  i n  the  t a b l e  of  d i s c o n t i n u i t i e s  
TAZl . 
Applicable  only  i f . c o n t o u r  sub rou t ine  i s  used. 
S t a t i o n s  w i l l  be  spaced DZ inches  a p a r t .  
Nozzle contour f l ag :  
, 
= -1, i n p u t  a l l  s t a t i o n s  
= 0, c o n i c a l  nozz le  
= 1, contoured nozz le  
"Burn-Out" equa t ions  f l a g  (see Sec t ion  IS of  
- 
'Appendix A) 
Values of temperature  f o r  t he  y i e l d  stress t a b l e  
(TASTRY). 
Y i i i a  stress 
Values of t e n p e r a t u r e  f o r  t he  thermal  conduc t iv i ty  
t a b l e  (TAKNR). (See Sec t ion  V1.D of  Appendix A.) ' 
n .z rza1  c s n d u c t i v i t y  02 tc5c vzl l .  
Z va lues  f o r  the fo l lowing  curves:  (must  b e  i n  
numberical  o rde r )  
(See Sec t ion  VI.N.2 of Appendix A.) 
- -. - - - - . - -  - -  . 
- - -  . - _ _ _  - - -. 
- _. I c 
tm . TASMTN(100). . .Tube metal t h i ckness ,  
' TACG(100). . . 
TACL(100) . . . 
TKC(100) ... 
TATC(100) ... 
Fac to r  i n  gas s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  C 
Fac tor  i n  coolan t -s ide  h e a t  t r a n s f e r  c o e f f i c i e n t ,  
CR. ( I f  TACL is nega t ive  then C w i l l  b e  c a l c u l a t e d  
from a curve R e f .  AGC Report  RH-8-0274. } 
Thermal conduc t iv i ty  of tube coa t ing ,  k 
I: 
C 
tC 
Co a t i n g  th i ckness  , 
TASMD(100). . . Undeforrned coo lan t  tube diameter ,  d 
TASML(100). . . Tube l e g  h e i g h t ,  L f o r  U-tube b u t  f o r  the  
r ec t angu la r  s l o t s  i t  is the  1ar.d width.  
tS 
TASEiTS (100). , .Space t h i ckness ,  
TASMDS(l.00). . . S l o t t e d  psssagcc 
. TABETA( 100). . , F a c t o r  d e f i n i n g  
he igh t  
temperature recovery,  $; . 
+ .  
-.--. - - Y  -.... - ”  &-.*. .eJ.LL rrograiii ~ ; L ~ J . u  
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76.k Th’iF(100). . . Cross s e c t i o n a l  a r e a  of  s i n g l e  tube,  A 
If l e g  h e i g h t  i t e r a t i o n  is ba ing  made $tiAF m u s t  
i n p u t  as an i n i t i a l  guess to  avoid a d i v i d e  by zero.  
76.1 
76 .m 
76 .n 
. 76.0 
76.p 
76.q 
f -’ 76.r 
L. . * 
76.s 
76. t 
PXH(100). . . 
PDX(lO0) . . 
TATTi’G(100). . . 
TAHL(100). . . 
TAHG(100). . . 
CGITE (100). . . 
PPFbl(100). . . 
EEFGEO(100). . . 
LHITE (100) . . . 
Table of cons t an t s  from which K6 is de te rn ined  i n  
the f r i c t i o n  l o s s  equat ion.  (See Sec t ion  Y1.M 
of Appendix A , )  
Table of cons t an t s  from which K 
the dynamic p res su re  drop equat ion .  
V 1 . M . l . c  of Appendix A . )  
Temp. of  gas w a l l  i f  LHITE=l o r  i f  CGITE=l  
% 
is  determined i n  
(See Sec t ion  5 
(not  used a t  p resen t )  
I 
Liquid s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  i f  HLC=9 
G a s  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  i f  HGC=3 
Table from which CGITE i s  determined. CC-ITE is  
t h e  C i t e r a t i o n  f l a g .  I t e r a t i o n  is  performed 
on C %f and only i f  CGITE=O. (See S e c t i o n  V I 1  
of AEpendix A.) 
Table front which t o  o b t a i n  PFM used i n  f r i c t i o n  
f a c t o r  (c?e*Fal;l:: ta zero) I 
Table fro:r! which EPGEOM is  determined. This  i s  
t h e  hea ted  area f a c t o r ,  E .  L’ 
Table from which the  l e g  h e i g h t  i t e r a t i o n  f l a g  
is determined. If LHITE==O, t he  l e g  height:  i t e r a t i o n  . 
is performed. (See Sec t ion  VI1 of Appendix A.) 
This op t ion  may be  used only wi th  HLG set t o  1, 
10 o r  11 and may nczt be  used wfth t h e  l a n d  and 
groove conf igu ra t ion .  An error w i l l  r e s u l t  i f  t h e  
computed h e i g h t  i s  nega t ive  so r e s u l t s  computed 
wi th  t h i s  op t ion  should b e  checked by running 
wi th  LHITE=O . 
76.u LH(100). . .. . Table from which UW, t h e  c e n t r a l  l and  width,  for 
- U-tube conf igu ra t ions  is determined. See t h e  
U-tube f i g u r e .  
76,v TMKM(100). . . Material curve d a t a  f l a g .  
= 0 S t a i n l e s s  s tee l  curve d a t a  is used. 
= -1 EIastelloy X curve d a t a  i s  used 
= 4-1 Material curve d a t a  Is be ing  inpu t .  
(See Sec t ion  V 1 . D  of Appendix A , )  I‘ *, 
d 
* .  
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76 .w 1VEE (100). . . 
77. TAZl(100). . . 
77.a TAFEFV(100). . 
77.b TANL.LB(100). . . 
77.c TANT(100). . . 
'i 77.d TAWDOT(100). . . 
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DESCRIPTION 
S i g n i f i e s  type of c c o l a n t  t u b e s  used as fol lows:  
= 1, Rectangular  S l o t s  
= 2, Truncated 
= 3, Round o r  F la t t ened  
= 4, U-Tube 
Z va lues  f o r  t he  fo l lowing  s t e p  €unct ions .  T 5 i s  
t a b l e  a l s o  deternrines the  flow path i n  t h a t  t h e  
1st p o i n t  of t h e  t a b l e  is the  l o c a t i o n  at which 
the coolant  e n t e r s  t he  nozz le  and t h e  n e x t  poin,t 
d i r e c t i o n  of flow. Whenever a d i s c o n t i n u i t y  
occurs  i n  any of the  fo l lowing  t a b l e s  the  loca- 
t l on  a t  which i t  occurs  must be  i n p u t  twice.  
Radia t ion  f a c t o r  (not  used i n  p r e s e n t  v e r s i o n )  
Number of coo lan t  tubes  through which t h e  -coolant  - - _ _  ~ 
is f lowing,  
would then be downstream wi th  r e s p e c t  t o  t h e  - 
Total  number of tubes 
The n e x t  fou r  items provide  f o r  i n p u t  of  a l l  nozz le  s t a t i o n  da ta .  
These are omit ted when the  contour  f l a g  COflTR = 0 .  
78. ZZZZZZ(200). . . Axial coord ina te  Z ,  measured from t h e  i n j e c t o r  face .  
75 RRRRRR(200) ... Radius corresponding t o  Z 
80. SSSSSS (200). . . Developed l e n g t h  
81. AAAAAA(200) ... Area r a t i o  a t  t h e  p o i n t  Z. ( Input  should b e  
nega t ive  upstream of t h e  t h r o a t . )  
The n e x t  f i v e  t a b l e s  are used t o  i n p u t  t h e  gas-s ide t r a n s p o r t  
. .  . .  
properties as a func t ion  of temperature.  These are ignored when us ing  
hydrogen s i n c e  the  gas-s ide p r o p e r t i e s  are obta ined  from hydrogen subrout ine .  
82 GAST(50) . . Temperature 
82a. . GASK(S0) ... Thermal Conduct ivi ty  
r' 
. *  
(9 
.. 
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ITEM 
83. GrlSCP (50). . . S p e c i f i c  h e a t  at cons t an  t p re s su re  
84. GASRHO(S0). . . Densi ty  
85. GASHU(50) . . . Viseos i  t y  
- 
85.a GASMUT(50). . . Molecular weight  of  gas . i 
85.b GAS... Flag t o  determine gas s i d e  p r o p e r t i e s  
GAS = 1, NBS equ i l ib r ium hydrogen 8 
GAS = 3, above t a b l e s  m a s t  be  i n p u t  
GAS = 2, NES para-hyduogsn - 
The n e x t  f c u r  t a b l e s  provide t h e  program w i t h  a means of de t e r -  
mining v e l o c i t y ,  p r e s s u r e  and temperature  of t h e  gas  as a f u n c t i o n  of area 
r a t i o :  
. 
. _ _  ~ - ---- -.. - -  -- - 
86. 
87. 
_:  
TAAST (100) . . . 
TVK(100). . . Gas v e l o c i t y  
Area r a t i o  
87. a TRHOK(100). . Gas d e n s i t y  
88 TTINK(100).  . . Gas temperature  
89. . . TPK(100). . . G a s  p re s su re  
89. a W C E I  (100) . . . . U s e d  w i th  G f i Z A  t o .gene ra t e  TVK, TPK and TTIX if 
i n p u t  . 
The 
the burnout heat 
90. VDTC.. . 
90.a QOABO.. . 
91. RBOFP.. . 
92.  RBOFT.. . 
fo l lowing  14 i t e m s  are c o n s t a n t s  used i n  t h e  conputa t ion  of 
f l u x  r a t i o :  (see Sec t ion  I X  of  Appendix A)  
VDTC 
Coolant burnout  h e a t  f l ux .  
F 
P 
FT 
A2 94 RBOA2.. 
Nozzle Heat Trans fe r  Program E25107 
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ITEM DESCRIPTION 
_I_ 
95 ' RBOBL.. D 
96. RBOB2.. . /- B2 
Nl 
N2 
97.  RBONl.. . 
98. RBON2.. . -7. 
M1 
, M2 
99 mom.. . 
100. RBOMZ.. . \ 
101. RBOKl.. . 
102. RBOCl. .  . 
K1 
The fo l lowing  5 items are used i f  PE'M and EPGEOM are to be 
4 
determined from experimental  da ta .  
103. DPI.. . Required p res su re  drop, p s i  
104. DTI. .  . Required temperature i n c r e a s e ,  OR 
105. FLAG., . Flag  set t o - 1 .  i f  PE'M op t ion  is  used 
-? 
.a* 
106. ZCHAN.. . I t e r a t i o n  flag, see code 
107. . CONLHB... 
108. FILMC.. . 
109 MMAT.. . 
110 PREXP.. , 
111. RBOF'LG.. 
112. RN. * 
113. TF.. . 
114. THK.. . 
115. TSAT. , . J' 
Flag. See Code. 
. ,. ._ 
+ not used a t  present .  
,._-. , - 
.- r , .  L .. .. . - L . . L . - - 4 L A  - -  .. * . . -  . ~. . .  
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C. ' USAGE OF'TiIE NOZZLE STATION DATA GENERATING SUBPROGRAl-1 (CONTUR) 
I 
! 
, 
-. The'program w i l l  compute t h e  s t a t i o n  coord ina tes  of a nozz le  by. i 
d iv id ing  t h e  nozz le  i n t o  segments of c i r c u l a r  a r c s  connected by s t 2 a i g h t  
6 .  
l i n e s  as shown: 
I 
c 
B - . 
-. - - 
. - ~ - -  - -  - -  - - -- . i 
By inpg t  of c e r t a i n  c r i t i ca l  d i F e n s i m s  srrch as thra5:t r a d i u s ,  convergent -- 
angle ,  etc. ,  coord ina te s  of t h e  tangent  p o i n t s  0, 1, 2 ,  ---6 are computed. 
D e f i n i t i o n  of a contoured d ivergent  s e c t i c n  by means of  l eng th  and r a d i a l  
- 
coord ina tes  i s  requi red  i f  t h e  nozz le  is  of t h i s  type.  
. Once the coord ina tes  of  t he  tangent  p o i n t s  are determined, two 
methods are a v a i l a b l e  f o r  au tomat ica l ly  l o c a t i n g  s t a t i o n s .  In  t h e  first,  
t h e  number of equa l  l eng th  s t a t i o n  i n t e r v a l s  between two t angent  p o i n t s  can 
be s p e c i f i e d  f o r  any segment; e.g., f o r  t h ree  s t a t i o n  i n t e r v a l s  between 
P o i n t s  1 and 2, i n p u t  N2P = 3. If i n t e r v a l s  are n o t  s p e c i f i e d  o r  are i n p u t  
zero, each segment w i l l  be d iv ided  i n t o  approximate 3 i n .  i n t e r v a l s  between 
s t a t i o n s .  For a contoured nozz le ,  s t a t i o n s  i n  t h e  d ive rgen t  s e c t i o n  a f t  of 
the downstream po in t  of tangency (Poin t  5 )  are l o c a t e d  by inpu t .  S t a t i o n s  
are always placed a t  t h e  tangent  po in ts .  
x 
..-. . , .  ._ ."._ , ._ - . - " - -  ..^.__,....I- " ... ....I.* _.-_ .-. e. .--.I .-. C .  .. . .---*.A. I. .tb..-----. . .....-._..... -.- .- . 
I 
. .  I 
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The second method f o r  loca t i l i a  stations is by even interval. 
U 
T h i s  is dons merely by i n p u t  of the d e s i r e d  p r i n t  in terval  DZ, and a non- 
zero nuaiber here ca l l s  t h i s  m t h o d .  This interval is held th roughout  the 
nozzle regardless of whether it i s ' c o n i c a l  or contoured. Again, stations 
are always placed a t  the t angent  po in ts .  
1 
Because the program works p r o g r e s s i v e l y  in the'direction of 
coolant flow, it is necessary to i n p u t  the p o i n t s  of e n t r y  and ex i t  of the 
coolant  iis axial distances i n  the TAZl  t a b l e .  
such as a tube s p l i t ,  change i n  d i r e c t i o n  of coolant f low o r  chenge in cocl- 
ant flow rate, a double  station must be i n p u t  i n  the T A Z l  t a b l e .  
s t a t i o n  is desired a t  a c e r t a i n  locat5on, i n c l u d e  a s i n g l e  p o i n t  defining 
I n  case  of a d i s c o n t l n u i t y  
, 
I Tf a 
the loca t ion  in the  TAZ1 table. Always i n p u t  TAZ1 data  in- d i r e c t i o n  of - 
. .  ,, coolant flow. . -  
- C e r t a f n  dimensions are reqti ired t o  be i n p u t  f o r  ar-y case in' 
9 _ .  * 
which 3Lbroctine C33". is used, These zrre: 
c 
. .  
Chamber 5adius 
. .  . .  
Throat radius (RSTN1) 
URAD - cm . . . .  -- . 
I cw . I DRAD 
. .  Convergent r d i u s  * . c m  ' 
Conve-i-gent angle . (PI 
Divergent a n g l e  at DPT w 
_ .  . 
Other dimensions are required to define the r e l a t i v e  l o c a t i o n  of 
' the nozzle forward end, t h r o a t ,  and e x i t .  To accomplish this, any pair of 
. .  
- .  -. the following may be used: .- 
. _  
A A S ~ A R ,  ZOL 
AASTAR, ZB .. 
AASTAR, ZSTAR 
ZOL, ZB 
ZOE,, ZsT4.R 
0 
Program E25107 1 
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If more than o m  p a i r  is i n p u t ,  t h e  p a i r  nearest t h c  top o f  t h e  l i s t  is * 
used; i.e., i f  AASTAR, ZB,  and ~ ~ T L l l  are all input, the contour w i l l  be com- 
puted us ing  AASThR and ZB. 
\ 
’ .r 
. .  
* .  
In  the  case of a contoured nozz le ,  input of AASTAR is automatic 
as i t  is computed from t h e  l a s t  p o i n t  d e f i n i n g  t h e  contour ;  t h e r e f o r e ,  only 
a l ength  dimension (ZOL, ZB, or ZSTAif) i s  required. The cofitour is inpiit by - 1  
i . .  
- 1  . d e f i n i n g  p o i n t s  a f t  of t h e  downstream p o i n t  of tangency (Po in t  5 )  by axial 
, d i s t a n c e  from the throat  and ‘radius. Values are i n p u t  i n  p a i r s  o f  ax ia l  - 1  
. d i s t a n c e  and r a d i u s ,  osle pair p e r  ca rd ,  with Z i n  coiunins 1 - 10 and R in. 
A f t e r  t h e  l a s t  p a i r ,  i n c l u d e  oilc card  w i t h  a -1. between 
! 
columns 11 - 20. 
columi:~ I and 10 to s i g n i f y  end of t a b l e .  
. .  
* *  
The fo l lowing  examples are inc luded  to denons t rd te  i n p u t ,  -- - - 
(See Figure  A) . .  
. .  
‘. 
Given : 
t 
Xnpu t : 
Conica l  nozz le ,  c o o l a n t  enters a t  p t .  (6) ar,d c x i t s  - 
at p t .  (0). Overall length  a d  barrel lesgth kno.;m. I -  
A p r i n t  i n t e rva l .  of 2 j.p. fs GesZred. 
tube s p l i t  a t  axial  distance 15 in. 
NC = O.., RC = 14., RSTAR = 5 . ,  RU = 3.5, RD = 2., 
RB = 4.5, ALPHAA = 17.5,  EETA-4 = 45.,  ZOL = 4 3 . 5 ,  
T!:crz 22 3 
ZB = 9., DZ = 2., h%L = 4., TAZl = 43.5, 15;, 15., 
0 ,  s 
.-. 
# 
2. Given: Conica l  nozzle, c o o l a n t  e n t e r s  at forward end,  flows -
af t  and r e v e r s e s  d i r e c t i o n  at a f t  end ,  and e x i t s  a t  . 
forward end. Area r a t i o  a t  exit and l e n g t h  to 
t h r o a t  are known. S t a t i o n s  are d e s i r e d  a t  a x i a l  
d i s t a n c e  5, 14, 1 7 ,  19 ,  20, 25, 35 and 43.5 in. 
RB = 4.5, ALPHLi = 17.5, BET&% = 45., AASTAR = 9., ’ 
ZSTAR = 21., DZ = O., KDL = I€., N1P = l.,. N2P = l., 
N4P = lo, N5P = l., N6P = le, TAZl = O., S.,  14. ,  
17., 19., 20., 2 5 . ,  35., 43.5, 43.5, 35., 25., 20,, 
19., 17., 14. ,  5 . .  O . ,  
Input: NC = O. ,  RC -- 1 4 , ,  RSTAR = S., RU = 3.5, RD = Z., 
s 
* 
. .  
Nozzle 1Ica t Trans fer . *  
.- 
. _- 
I .. . .  
. .  . .  
. .  , 
. .  
-- -- 
I 
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Contmred  nozzle, coolant enters a t '  a x i a l  d i s t a n c e  
28 in,, flows aft, reverses d i r e c t i o n  at.the nozz le  
ex i t ,  flows forward t o  a tube split at axial d i s -  
tance 28 in., con t inues  f o r m r d  and e x i t s  at t h e .  
forward end. Overall l ength  is knot-m. Approxi- 
h a t e l y  3 in. is desired between stations-except * 
betweeii p o i n t s  (3) and ( 4 )  where 8 stations are 
necessary ( the number of i n t e r v a l s  is t h e r e f  ore 
8 + 1 = 9 ) .  
Inpu t :  NC l., RC = 14., RSTAR = S., RU = 3.5., R13 = 2,  , 
RB = 4.5,'ALPfLAA = 35., B E T N  = 45., 2OC = 42.. , 
432 = O . ,  N1P = O . ,  N2P = O., h'3P = O . ,  N4P = 9.., 
N5P = O., N6P = O.,  NDL = 6 . ,  T U 1  = 28., 42., 
42., 28., 28., G., . .* . 
. .  
-. . 
EOTE: Place cards containing po in t s  de€in.lng 
. .  con tour  behind &ED card. . .  
4. -I Given: Contoured nozzle ,  coolact entry at forward end and 
exic at a f t  end. Contour is to be i n p u t .  . .  
Inpu t :  C6STR = l., ZSTAR = 21., NTgT = number of poin ts  
input ZZZZZZ = (Axial distances to stations), 
RRP,NR = (Radius at s t a t i o n s ) ,  SSSSSS = (Developed 
l e n g t h  tc stat!-czs mitasured from fnrward end) % 
AANLAA = (Area r a t i o  a t  s t a t i o n s )  
.. 
. -  .. . .  
. . .. . 
- - -. 
. .  
. .  
--- . -- - -  . - I  -I_^- - 
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nozz le  Mach number d i s t r i b u t i o n  i s  shown on .Figure  4.  
l a t ed -as  descr ibed i n  Reference (a). 
This p r o f i l e  w a s  calcu- 
The f r i c t i o n  c o e f f i c i e n t  r a t i o  curve shown 
on Figure 3 i s  recommended f o r  NERVA 75K engine analyses  u n t i l  more appropr i a t e  
c a l c u l a t i o n  techniques are developed. 
6 .  EXGMPLE CASE 
I n  o rde r  t o  i l l u s t r a t e  use of t h e  developed f a c t o r s  an example case 
w a s  ca lcu la t ed  f o r  t he  75K engine us ing  t h e  E25107 conputer code. 
The f i r s t  s t e p  i n  t h e  a n a l y s i s  w a s  t o  c a l c u l a t e  t h e  gas s i d e  h e a t  
t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  us ing  i n t e g r a l  boundary l a y e r  code with the  
f a c t o r s  shown on Figure 3, appropr i a t e  chamber condi t ions ,  su r f ace  Mach number 
d i s t r i b u t i o n  and es t imated  w a l l  temperatures.  The r e s u l t i n g  h e a t  t r a n s f e r  co- 
e f f i c i e n t  d i s t r i b u t i o n  is  shown on Figure 5. 
This d i s t r i b u t i o n  along wi th  t h e  o t h e r  necessary d a t a  w e r e  s p e c i f i e d  
f o r  t y p i c a l  75K engine condi t ions  and t h e  r e s u l t i n g  output  i s  shown as Table 2. 
The c a l c u l a t i o n s  p r e d i c t  lower gas.-side w a l l  temperatures than previous ly  cal- 
cu la t ed  f o r  similar condi t ions  i n , t h e  b a r r e l  and i n i t i a l  po r t ions  of t h e  conver- 
gent  s e c t i o n .  
prev ious ly  ca l cu la t ed  f o r  s i m i l a r  condi t ions .  The ove r -a l l  coolant  temperature 
rise and p res su re  drop is  approximately t h e  same as previou'sly ca i cu la t ed .  
111. REFERENCES 
The maximum temperature is  approximately 30 degrees lower than 
(a) Memorandum N4320:M1648 t o  J. L. Watkins from R. V. L u n d i d J .  0. Sane, 
Subjec t :  "Updated NERVA Gas-Side Heat Transfer  Model", dated 4 March 1971 . 
(b) Scale  Model Heat Transfer  T e s t s  of t he  NERVA Nozzle, Aerojet-General 
. .Repor t  No. 2221, Ju ly  1962 (Confidential/Restricted Data) 
( c )  Scale  Model Heat Transfer  T e s t s  o f  t he  NERVA Nozzle, CY 1962, 
Aerojet-Genera1 Report No. 2493, A p r i l  1963 (Confidential/Restricted Data) 
(d) Sca le  Model Heat Transfer  Tests  o f  the  NERVA Nozzle, CY 1963, 
("- , Aerojet-General Report No. RN-S-0059, March 1964 
J. J. W i l l i a m s  N8110R: 72-030 
February 19 72 Page 8 .. 
i 
r' 
a 
(e) Phase I, Experimental Inves t iga t ion  of Heat Transfer  t o  Nuclear 
Rocket Nozzles Using Shock Tube Techniques, Corne l l  A e  a u t i c a l  Laboratory 
Report No. HM-1650-Y-1, December 1963 
-% 
(f) Phase 11, Experimental Inves t iga t ion  of Heat Transfer  t o  Nuclear 
Rocket Nozzles Using Shock Tube Techniques, Corne l l  Aeronauti'cal Laboratory 
Report No. HM-1650-Y-2, December 1963 
(g) D. R. Bar tz ,  "A Simple Equation f o r  Rapid Est imat ion of Rocket 
Nozzle Convective Heat Transfer  Coeff ic ients" ,  Jet  Propuls ion,  49, January 1957 
(h) D. G. E l l i o t t ,  D. R. Bar tz ,  and S. S i l v e r ,  Calcu la t ion  of Turbulent 
Boundary Layer - Growth and Heat Transfer  i n  hi-Symmetric Nozzles, Jet Propuls ion 
Laboratory Technical Report 80. 32-387, 15 February 1963 
(i) A. F o r t i n i  and R. C. Ehlers ,  Comparison of Experimental t o  Predic ted  
Heat Transfer  i n  a Bell-Shaped Nozzle wi th  Upstream Flow Disturbances,  NASA 
TN D-1743, August 1963 L 
(j) Aerojet  Report RP-TR-0009 
(k) J. F. Schmidt, D. R. Boldman, R. C. Eh le r s ,  and J. W. Coats,  
"Experimental Study of E f f e c t  of 'Simulated Reactor Core P o s i t i o n  on Nozzle Heat 
Transfer",  NASA TM X-1208, March 1966 
(1) D. R. Boldman, €3. E. Neumann, and J.. F. Schmide, " H e a t  Transfer  i n  
SO" and 60" Half-Angle of Convergence Nozzles with Various D i a m e t e r  Uncooled 
Pipe In l e t s " ,  NASA TN D-4177, September 1967 
(m) Technical and Users Manual €or  Program E25107 Nozzle Heat Transfer ,  
J. J. W i l l i a m s ,  dated February 1972 
(n) Memorandum 4320:M1616, J. L. Watkins from J. 0. Sane, Subject :  
"NERVA Nozzle Coolant-Side Heat Transfer  Correlat ion",  d t d  22 January 1971 
Taylor,  Maynard F., "A Method of Cor re l a t ing  Local and Average (0) 
F r i c t i o n  Coef f i c i en t s  f o r  Both Laminar and Turbulent Flow of Gases Through a 
Smooth Tube wi th  Surface t o  F lu id  Bulk Temperature Rat ios  From .35 t o  7.35", 
I n t e r n a t i o n a l  Journa l  of Heat and Mass Transfer ,  Vol. 10, pp 1123-1128 C" \ 
. I  
J. J. W i l l i a m s  N8110R: 72-030 . 
February 1972 Page 9 
(p) Taylor, Maynard F., "Applications of Variable  Property Heat-Transfer 
and-Frict ion Equations t o  Rocket Nozzle Coolant Passages and Comparison With 
Nuclear Rocket T e s t  Results",  AIAA Paper No. 70*661, presented a t  t h e  AIAA 6 th  
Propuls ion J o i n t  S p e c i a l i s t  Conference, San Diego, Ca l i fo rn ia ,  'June 15-19, '1970 
(4) I t o ,  H. ,  "F r i c t ion  Factors  f o r  Turbulent Flaw i n  Curved Pipes", 
Journa l  of Basic Engineering, Vol. 81, No .  2, June 1959, pp 123-124 
(r) "Computer Pragram E95213, A Computer Code f o r  Solu t ion  of t h e  
I n t e g r a l  Boundary Layer Equations", J. J. W i l l i a m s ,  December 1969 
-. 
. 
73. -.o30. _ _  
. . i  
; . . _ . a , . !  
I 
. .  
,......... 4 
4 
- -" 
0 
U 
0 
d 
U 
2' 
-. 10.0 
1;o 
"1 
Axial Distance from core, inches 
. .  
FIGURE 3 - CALCULATED FRICTION COEFFICIEXT RATIO 
0.10 
Distance From core, inches t 
_._. . 
d 
z 
- A - -  ' P Z  
rrre. .on Time PIN 
PSIA I P L -  See - 
1 25245-250 257.9 
1r.Dl.r. L 
SUMMARY OF DATA USED TO OCTERMINE VALUES 
FOR HEATED AREA R D  PRESSURE DROP FACTORS 
Reactor 
TIN WGSTAR WGCORE TAWOOT DPI DTI Pc Tc EPGEOM PFM Power 
O R  lb/sec lb/sec lb/sec psI - O R  - PSIA - O R  - - --- 
45.0 33.1 33.1 31.9 26.4 2 2 1  180.9 1919 .5644 .5385 229.7 ( I )  
2 25395-400 875.2 52.0 71.0 71.0 68.5 140.6 102.9 571.2 4095 .8802 .5708 1116 
3 25475-480 857.0 70.9 70.9 68.4 136.1 97.6 557.5 3939 .a579 .5977 1063 
4 25680-685 854.1 52.0 70.7 70.7 68.2 135.7 98.3 554.6 3912 .8625 -5828 1049 
5 25900-905 870.7. 52.5 71.0 71.0 68.5 140.7 102.4 563.5 4003 .8771 .5579 1084 
6 26045-050 870.5 52.7 70.9 70.9 68.4 141.5 102.5 562.5 4004 .8766 .5722 1083 
7 26175-180 868.5 52.8 70.8 70.8 68.3 140.5 102.7 561.5 4005 ,8776 .5454 1081 
8 26247-252 868.6 52.8 70.7 70.7 68.2 140.7 103.4 560.6 4003 .6812 .5368 1079 
i X  A-5 EP-IV 
9 12935-940 757.5 51.3 70.4 70.4 67.9 115.8 71.5 498.5 3245 .7393 .7522 847.4 ( 1 )  
10 12970-975 880.3 52.7 70.2 ' 70.2 67.7 144.8 103.0 569.6 4168 .8730 .7188 1125 
11 13000-005 874.7 52.4 70.2 70.2 67.7 143.4 102.2 565.6 4122 -8714 .7103 1111 
12 13190-210 875.7 52.2 70.6 70.6 68.1 145.5 103.4 564.1 4048 .8805 .6857 1091 
13 13270-275 876.3 52.2 70.5 70.5 68.0 146.1 104.2 563.5 4056 .8844 .6834 1093 
14 13540-545 878.2 52.4 70.2 70.2 67.7 150.2 106.2 562.0 4079 .8932 -7318 1099 
15 13810-815 876.5 52.0 69.6 69.6 67.7 151.0 109.1 557.9 4118 .9082 .7269 1096 
- 
-*- 
( L 
E 3 I 1 1  8 
16 14250 790 47.9 67.1 67.1 64.3 112.0 86.7 533.0 3982 .8843 .5854 1022 
17 14400 876 49.0 72.5 72.5 69.5 134.0 92.8 580.0 4050 .9074 .6484 1122 - -  
18 16200 890 50.0 73.3 73.3 70.3 139.0 97.2 587.0 4060 .9264 .5614 1135 
19 17700 901 51.4 73.1 73.1 18.1 141.0 100.3 594.0 4156 .9356 .4880 1170 , 
19a Repeat of Run 19 except wall temperature increased by 100"R. .8819 .5169 1170 
Mean 
EPGEOM = 
(1) COW power runs - neglect. 
Wall temperature prof i le  will  not match 
these runs. 
.618 For 17 Samples PFM 
PIN . ffozile In l e t  Pressure 
TIN Nozzle In l e t  Temperature 
WGSTAR 
1 
Gas Flow Rate through the Throat 
WGCORE Gas Flow Rate from the Core 
TAWWT Coolant Flow .Rate 
DP I Required Pressure Drop 
1 DTI Riquired Coolant Bulk Temperature Increase 
*Pc Chamber Pressure 
Tc Chamber Temperature 
EPGEOM c' Heated area factor = E, f o r  calculating surface area between s ta t ions .  
. PFM Pressure multiplier. for  calculating pressure loss  due to  f r i c t ion ,  
'b  
J. J. Williams 
February 13 72 r 
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ATTACHMENT 3 
COMPUTER LISTING 
c 
ROCKET NOZZLE COOLANT CHADNEL 
THERMAL ANALYSIS PROGRAM 
' (E25107)  
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